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Trypanosoma brucei is the causative agent of sleeping sickness in humans and nagana 
in livestock in Africa, posing enormous burden to African healthcare and word wide 
economy. In addition to being of great medical and economic importance, the 
unicellular eukaryotic parasite with simple anatomy is a model system with advantages 
for addressing the fundamental questions on organelle biogenesis and positioning 
during the cell cycle. In T. brucei, organelles like basal body, flagellum, Golgi, nucleus, 
and kinetoplast (the aggregated mitochondrial DNA) are present in single copies, each 
at a characteristic location in the cell. During the cell cycle, all these organelles 
duplicate and separate properly before onset of cytokinesis to ensure production of 
proliferative daughter cells. Centrins, TbCentrin2 and TbCentrin4, have been 
demonstrated to be essential for proper cell cycle progression of T. brucei. In addition 
to being localized to basal bodies, TbCentrin2 and TbCentrin4 mark a previously 
unknown, bi-lobed structure, which is in close proximity with Golgi apparatus. RNAi 
experiment revealed that depletion of TbCentrin2 inhibited duplication of basal bodies, 
flagellum, kinetoplast, and Golgi, and subsequent cell division; depletion of 
TbCentrin4 has no obvious effect on organelles duplication, but the coordination 
between nucleus division and cell division seems to be disturbed. This thesis further 





Centrins are EF-hand containing proteins that bind Ca
2+
. They are regulatory proteins 
functioning through specific binding partners. The chapter 3 of this thesis confirmed 
Ca
2+
 binding of these two TbCentrins, suggesting the role of these two TbCentrins as 
Ca
2+ 
sensors during cell cycle progression. Additionally, while Ca
2+
-dependent 
self-assembly was observed with TbCentrin2, TbCentrin4 did not self-assemble in the 
absence or presence of Ca
2+
. This may partially explain the functional difference of 
these two TbCentrins in cell cycle progression as revealed by their different RNAi 
phenotypes. The chapter 4 of this thesis describes the efforts in identifying binding 
partners of TbCentrin2 and TbCentrin4 in T. brucei. Two proteins, TbPOC5 and 
TbFOP, were characterized as putative binding partners of TbCentrins on the basal 
bodies. Bi-lobe binding partner(s), however, has/have not been found through these 
studies. In the future, while continue to search for bi-lobe centrin binding partner(s), the 
functions of the two basal body proteins, TbPOC5 and TbFOP, and the relationship 
between either of the two proteins and TbCentrin2/4 shall be further investigated for 
comprehensive understanding of the roles of these two TbCentrins on the basal bodies.  
 x 
 
LIST OF PUBLICATIONS RELATED TO THIS STUDY 
 
Zhang, Y., and He, C.Y.. Centrins in unicellular organisms: functional diversity and 




LIST OF FIGURES 
 
Figure 1.1 Schematic representation of major cell cycle events of T. brucei ........ 5 
Figure 1.2 Structures of a typical Ca
2+
-binding EF-hand motif ........................... 11 
Figure 1.3 Schematic representation of domain organization of centrins ........... 12 
Figure 1.4 TbCentrin2 and TbCentrin4 colocalize on basal bodies and bi-lobed 
structure, but perform different cellular functions. ...................................... 17 
Figure 3.1 Primary structural characteristics of TbCentrin2 and TbCentrin4 ..... 44 
Figure 3.2 Gel mobility shift assay of TbCentrin2 and TbCentrin4 .................... 46 
Figure 3.3 Circular dichroism spectra of TbCentrin2 (TbCen2) and TbCentrin4 
(TbCen4) in the presence and absence of Ca
2+
 ............................................ 48 
Figure 3.4 Purification of TbCentrins directly fused to 6×His ............................ 50 
Figure 3.5 Ca
2+
-induced self-assembly of TbCentrin2 and TbCentrin4 .............. 53 
Figure 3.6 Verification of centrin-centrin interactions by GST pull-down assay 55 
Figure 4.1 Auto activation test of TbCentrin2 and TbCentrin4 as BD-fusions ... 65 
Figure 4.2 Library construction for yeast two-hybrid screening ......................... 67 
Figure 4.3 Yeast two-hybrid screening to identify binding partners of TbCentrin4
...................................................................................................................... 70 
Figure 4.4 Cellular distribution patterns of SUMO1/Ulp2, beta-adaptin, and 
synaptotagmin .............................................................................................. 73 
Figure 4.5 Localization of synaptotagmin to the FAZ ......................................... 75 
Figure 4.6 Investigation of ultrastructural localization of synaptotagmin by 
immuno cryoEM .......................................................................................... 76 
Figure 4.7 Overlap between synaptotagmin-YFP and TbCentrin4 (TbCen4) on the 
bi-lobed structure ......................................................................................... 78 
Figure 4.8 In vitro GST pull-down assay to test the interaction between 
TbCentrins and synaptotagmin .................................................................... 80 
Figure 4.9 In vivo GST pull-down assay to test the interaction between 
synaptotagmin and TbCentrin4 .................................................................... 81 
 xii 
 
Figure 4.10 Cellular localization of TbPOC5 ...................................................... 85 
Figure 4.11 Cellular localization of TbFOP ........................................................ 86 
Figure 4.12 Cellular distribution patterns of Tb927.10.8610, Tb927.10.8730 and 




LIST OF TABLES 
 
Table 4.1 List of non-redundant proteins identified by yeast two-hybrid screening
...................................................................................................................... 71 
Table 4.2 T. brucei homologues of centrin binding proteins identified in other 
organisms ..................................................................................................... 84 
Table 4.3 List of proteins containing motif: 




LIST OF ABBREVIATIONS AND SYMBOLS 
 
Chemicals and reagents 
Ade adenine 
APS ammonium persulfate 
3-AT 3-amino-1,2,4-triazole 
BME β-mercaptoethanol 
CaCl2 calcium chloride 
CO2 carbon dioxide 
DAPI 4', 6-diamidino-2-phenylindole 
DMSO dimethyl sulfoxide 
DTT dithiothreitol 
EDTA ethylenediaminetetraacetic acid 
dNTP deoxyribonucleotide triphosphate 




KOH potassium hydroxide 
KOAc potassium acetate 
Leu leucine 
LiAc lithium acetate 
MnCl2 manganese chloride 
MOPS 3-(N-morpholino)propanesulfonic acid 
NaCl sodium chloride 
NaOH sodium hydroxide 
PEG polyethylene glycol 
PMSF Phenylmethanesulfonyl fluoride 
RbCl Rubidium chloride 
 xv 
 
SDS sodium dodecyl sulphate 













µg/ml microgram(s) per milliliter 
µM micromolar 





mg/ml milligram(s) per milliliter 
ng nanogram(s) 
nm nanometer(s) 
OD600 optical density at wavelength 600 nm 
rpm revolutions per minute 
sec second(s) 
°C degree celsius 
 xvi 
 
V/cm volt per centimeter 
 
Others 
AD activating domain 
BD binding domain 
BLASTP basic local search alignment tool (search protein database 
using a protein query) 
CD circular dichroism 
CDC31 cell division cycle 31 
DIC differential interference contrast 
DNA deoxyribonucleic acid 
cDNA complementary DNA 
EM electron microscopy 
ER endoplasmic reticulum 
FAZ flagellar attachment zone 
FPLC fast protein liquid chromatography 
ICL infraciliary lattice 
MTOC microtubule organizing centre 
MtQ microtubule quartet 
MW molecular weight 
NER nuclear excision repair 
NMR nuclear magnetic resonance 
PCR polymerase chain reaction 
RE restriction enzyme 
RNA ribonucleic acid 
mRNA messenger RNA 
RNAi RNA interference 
SPB spindle pole body 
 xvii 
 
SSU small subunit 





Chapter 1 Introduction 
 
1.1 Trypanosoma brucei 
1.1.1 Trypanosoma brucei, a parasite causing trypanosomiasis  
Trypanosoma brucei, a unicellular parasite, is the causative agent of sleeping sickness 
in humans and nagana in livestock. The trypanosomiasis caused by T. brucei is mostly 
restricted to sub-Saharan Africa, which is the natural habitat for its insect vector, the 
tsetse flies (Weller, 2008). While possessing a complex life cycle alternating between 
the insect vector and the mammalian host, parasites of two reproductive stages - the 
blood stream form stage that causes diseases and the procyclic stage - can be cultivated 
in vitro (Cross, 2001). Furthermore, the robust growth of the procyclic stage parasites 
in vitro makes them extremely amenable to biochemical and molecular genetic 
analyses. There are two types of human sleeping sickness: the chronic disease caused 
by T. brucei gambience and the acute disease caused by T. brucei rhodesiense. Both 
types of disease are divided into two stages. During the first stage known as the 
hemolymphatic stage, the parasite lives in its host lymph and blood. Then, in the second 
stage or the meningoencephalitic stage, the parasite breaks the blood brain barrier, 
invades and destructs central nervous system. The second stage is characterized by the 
symptom of sleeping disorder, hence the n me ‘sleeping sickness’ (Brun et al., 2010; 
Jannin and Simarro, 2008). The disease is fatal if it is left untreated. It is estimated by 
the World Health Organization that 60 million people are under the threat of sleeping 




Furthermore, the subspecies T. brucei brucei is also the causative agent of nagana in 
livestock. It infects animals only, but can negatively affect humans through food losses 
as a result of live stock disease (Weller, 2008).  
 
1.1.2 Phylogeny  
T. brucei belongs to the order kinetoplastidae and family Trypanosomatidae (De Souza, 
2001). Members of the order kinetoplastidae are characterized by possessing a 
kinetoplast, a disc like aggregation of mitochondrial DNA. Family Trypanosomatidae 
is characterized by the presence of a single flagellum (Honigberg, 1963). Because of 
the corkscrew-like motion initially observed in some species in this family, like T. 
brucei, Greek trypano (borer) soma (body) is used to name this family. Other medically 
important species in this family are Trypanosoma cruzi and Leishmania, causing 
Ch g ’s disease and Leishmaniasis, respectively (Englund et al., 1982). T. brucei is 
among the earliest-branching eukaryotic organisms. It probably embarked on its own 
evolutionary branch more than 500 million years ago, prior to its invertebrate and 
vertebrate hosts (Cross, 2001), as revealed by a eukaryotic evolutionary tree drawn 
according to the small subunit (SSU) ribosomal RNA gene sequences, which have been 
used as the standard molecular measure for reconstructing phylogenetic relationships 





1.1.3 Cellular anatomy of procyclic T. brucei 
Although morphological differences exist between T. brucei at distinct stages of the life 
cycle, the procyclic T. brucei acts as a paradigm for the basic architecture of T. brucei 
(McKean, 2003). Morphologically, procyclic T. brucei cell has a long and slender 
shape (~20µm in length and ~4µm in broadest diameter) with a single flagellum 
laterally attached to the cell body in a left-handed helix from close to the posterior end 
towards the anterior tip (Figure 1.1 A) (Hoog et al., 2010). The slender cell shape is 
maintained by a subpellicular microtubule corset. More than 100 microtubules are 
aligned along the long axis of the cell with regular inter-microtubule spacing 
(~18-22nm). These microtubules are cross-linked with each other and to the plasma 
membrane with their plus (+) end towards posterior and minus (-) end to anterior (Gull, 
1999).  
 
Inside the cell, single-copy organelles such as the basal body pair, the Golgi apparatus, 
the kinetoplast, the nucleus, and the flagellum are located at fixed positions with 
distinct polarity. As schematically represented in Figure 1.1 A, with the nucleus 
occupying the centre of the cell, and the kinetoplast near the posterior end, the single 
Golgi stack is located between the nucleus and the kinetoplast juxtaposed to the 
flagellar pocket, from which the flagellum protrudes out of the cell body (Field et al., 
2000; Sherwin and Gull, 1989; Warren et al., 2004). At the base of the flagellar pocket 
is the basal body pair, which is physically linked to the kinetoplast through a tripartite 




axoneme of the flagellum (Sherwin and Gull, 1989). With the exception of the most 
anterior part, almost the entire extracellular part of the flagellum is physically attached 
to the cell body via the flagellum attachment zone (FAZ), which ends at the tip of the 
cell body. On the cytoplasmic side, the FAZ is defined by an electron dense filament 
and microtubule quartet (MtQ) with associated endoplasmic reticulum. The MtQ and 
associated endoplasmic reticulum are located immediately to the left of the FAZ 
filament when viewed from the posterior of end of the cell (Sevova and Bangs, 2009; 
Sherwin and Gull, 1989). The microtubules of the MtQ originate near to the basal 
bodies, thus having the opposite polarity to the subpellicular microtubules (Lacomble 






















Figure 1.1 Schematic representation of major cell cycle events of T. brucei 
Golgi (red dot), nucleus (big blue dot), kinetoplast (small blue dot) flagellum (purple 
line) and basal body pair (green), each present at a single copy in an interphase cell; the 
single flagellum is attached to the cell body through FAZ (dashed line) (A). When cells 
enter the cell cycle, these organelles duplicate and separate in strict order (B, C, and D) 
before cytokinesis (E). The duration of cell cycle for procyclic T. brucei cells is ~8.5 
hours. T. brucei cell cycle can be divided into three stages: 1K1N, 2K1N and 2K2N 
stages, according to the number of nucleus (N) and kinetoplast (K) present in a cell. 
New flagellum and FAZ are represented in yellow. Flagellum protrudes out of the cell 













1.1.4 Cell cycle 
1.1.4.1 The major cell cycle events of T. brucei 
During the cell cycle, the single-copy cellular components must be faithfully duplicated 
and properly separated to ensure the continuous reproduction of daughter cells. The 
order and timing of cell cycle events have been subjected to extensive investigations 
(McKean, 2003). The earliest recognizable morphological events are the duplication of 
the basal bodies, the duplication of the Golgi apparatus and outgrowth of a new 
flagellum (Figure 1.1 B), which take place concurrent with the kinetoplast DNA 
replication. The kinetoplast cycle is different to the nucleus cycle, with kinetoplast 
S-phase initiating prior to the onset of nuclear S-phase and the division of kinetoplast 
DNA having completed before the onset of nuclear mitosis. According to the number of 
nucleus (N) and kinetoplast (K) present in a cell, T. brucei cell cycle is roughly divided 
into three stages: 1K1N, 2K1N and 2K2N stages, representing cells containing one 
kinetoplast and one nucleus, cells containing duplicated kinetoplasts and one nucleus, 
and cells containing duplicated kinetoplasts and duplicated nuclei, respectively (Figure 
1.1). In normal conditions, 1K2N cell does not exist since kinetoplast always separates 
before separation of nucleus.  
 
The replicated kinetoplast, flagella and Golgi apparatus segregate, powered by the 
movement of the basal bodies (Figure 1.1 C). Mitosis then occurs with an intranuclear 
spindle formed without disruption of the nuclear envelope (Figure 1.1 D) (Ogbadoyi et 




segregation via a unidirectional ingression of a cleavage furrow along the helical axis of 
the cell from anterior between the old and new flagella (Figure 1.1 E). It has been 
proposed that the structural information required to position the cleavage furrow is 
provided by FAZ since it marks a unique seam in the cytoskeleton (Robinson et al., 
1995).  
 
1.1.4.2 Unusual cell cycle control mechanisms in T. brucei 
Various cell cycle checkpoints are employed by eukaryotic cells to verify the accuracy 
of cell cycle events before progression into the next phase, thus to ensure the fidelity of 
cell division. In yeast and mammalian cells, DNA synthesis is monitored by the DNA 
replication/damage checkpoints; the mitotic spindle checkpoint ensures chromosome 
alignment at the mitotic plate before entry into anaphase; whether the two copies of 
DNA are separated sufficiently to initiate cytokinesis is monitored by cytokinesis 
checkpoint (Lodish et al., 2000). Although T. brucei shows the typical periodic, 
eukaryotic nuclear events, G1, S, G2 and M phases, different cell cycle checkpoints are 
present in T. brucei. Besides nuclear DNA, the single copy kinetoplast DNA shows 
periodic cell cycle events as well. This is in contrast with most other eukaryotic cells, 
which contain multiple mitochondria whose DNA is continuously replicated 
throughout the cell cycle (Pica-Mattoccia and Attardi, 1972). It has been observed that 
entry into cytokinesis depends on successful kinetoplast replication and segregation 
rather than on mitosis. When mitosis is inhibited by rhizoxin or nuclear DNA synthesis 




kinetopl st  ut no nucleus (1K0N cells  lso known  s ‘zoids’) (Ploubidou et al., 1999). 
On the other hand, under conditions where kinetoplast replication or segregation was 
inhibited, cells are unable to divide (Fridberg et al., 2008). 
 
Additionally, in T. brucei, nuclear division and cell division appear to be controlled 
independently. Under conditions where cytokinesis is inhibited, nuclear DNA often 
continues to replicate and divide, resulting in cells containing multiple nuclei (LaCount 
et al., 2002). Therefore, it has been suggested that timing of cell division plays a more 
important role in T. brucei to ensure that nuclear DNA is not replicated more than once 
in a single cell cycle (Hammarton, 2007). 
 
1.2 Centrin 
Centrins (also known as caltractins) are conserved, EF-hands-containing proteins 
ubiquitously found in eukaryotes. Centrin was first identified as a major protein 
component of striated flagellar roots of green alga, Tetraselmis striata (Salisbury et al., 
1984). Subsequently, centrins were found to be present in other protists, fungi, plants, 
insects and animals. Proteins belonging to the centrin family normally contain 4 
continuous EF-hands plus one N-terminal extension of variable length typically 





1.2.1 EF-hand motif 
EF-hand motifs are divided into two major groups, the canonical EF-hands and pseudo 
EF-hands, differing mainly in the EF-hand calcium-binding-loop: the 12-residue 
canonical loop binds calcium via their side chain carboxylates or carbonyls, whereas 
the 14-residue pseudo loop binds calcium primarily via backbone carbonyls (Zhou et al., 
2006). EF-hands in centrins belong to the canonical category.  
 
The characteristics of canonical EF-hand motif have been described in detail (Moncrief 
et al., 1990). The canonical EF-hand contains 29 amino acids arranged in a 
helix-loop-helix conformation (Figure 1.2 A). Amino acids 1 to 11 comprise the first 
helix, 19 to 29 the second. The 6 residues responsible for calcium coordination are at 
positions 10, 12, 14, 16, 18 and 21, and each can be assigned to one of vertices of an 
octahedron X, Y, Z, -X, -Y and -Z, respectively (Figure 1.2 B and C). Except for 
residue 16, the other 5 residues, most frequently Asx (D/N), Ser (S), Thr (T) or Glx 
(E/Q), coordinate calcium with their side-chain oxygen. Moreover, Asp (D) is most 
readily found at the position of 10 and Glu (E) (coordinates calcium with the two 
oxygen atoms of its carboxylate group) at the position of 21. Residue 16 coordinates 
calcium through a peptide carbonyl and could be various amino acids. The first α-helix 
always starts with Glu and has hydrophobic residues at positions 2, 5, 6 and 9 facing the 
core of the molecule. 22, 25, 26 are hydrophobic in the second α-helix. Gly is 




hydrophobic core of the molecule. EF-hands always occur in pairs, forming a stable 
core using the internal hydrophobic residues (Moncrief et al., 1990).  
 
1.2.2 Three-dimensional structure of Centrins 
Similar to calmodulins (also contain 4 EF-hands but lack the N-terminal extension), the 
EF-hands in centrins fold into two structurally similar domains separated by an 
alpha-helical linker region, shaping like a dumbbell (Figure 1.3). The first two 
EF-hands constitute the N-terminal domain; the last two EF-hands the C-terminal 
domain. The N-terminal extensions of centrins are highly variable in primary 
sequences and flexible in structure, and the structure is not resolvable in the crystallized 








Figure 1.2 Structures of a typical Ca
2+
-binding EF-hand motif 
(A) The EF-h nd motif consists of two α-helixes (respectively symbolized by the 
forefinger  nd thum  of   right h nd)  nd   loop in  etween the two α-helixes 
(symbolized by the clenched middle finger). (Retrieved from 
http://www.agr.nagoya-u.ac.jp/~mcr/Image/EF-hand.JPEG) (B) The canonical 
EF-hand motif is made up of 29 residues. The first 11 residues comprise the first helix, 
last 11 the second. The spatial positions of the 6 residues coordinating Ca
2+
 can be 
approximated by the vertices of an octahedron, which were respectively named with X, 
Y, Z, –Y, –X and –Z. The first helix always starts with E. D is usually found occupying 
position 10, and E position 21. In the Ca
2+
-binding loop, a sharp bend (Φ = 90˚, Ψ = 0˚) 
is accomplished with the existence of G at position 15. I (usually), L or V at position 
17 contributes to the formation of hydrophobic core of the molecule. Positions always 
occupied by hydrophobic residues were indicated with n. (Modified from Moncrief et 
al., 1990) (C) The geometry of Ca
2+ 
coordination in a typical EF hand. (Adapted from 









Figure 1.3 Schematic representation of domain organization of centrins 
Typically, 4 continuous EF-hands are contained in a centrin molecule. Herein, the 4 
EF-hands are represented by blue color and respectively labeled with I, II, III, and IV. 
Each EF-hand consists of a loop (blue curves) flanked by two helixes (blue squares). 
The EF-hands in centrins fold into two structurally independent domains constituted 
respectively by the first two EF-hands and last two EF-hands and interconnected by an 
alpha helix (orange). The flexible N-terminal extension is represented in maroon. 
Usually, a short beta strand is contained in the loop region of EF-hand and within the 
two EF-hands formed domain the two beta strands are aligned adjacent to each other, 





1.2.3 Function of centrins 
1.2.3.1 Centrins on contractile structures 
Centrin was first identified as a major protein component of striated flagellar roots of 
Tetraselmis striata (Salisbury et al., 1984). Later investigations in other protozoan 
organisms revealed centrin as an important component of contractile structures widely 
found in protists. Besides the striated flagellar/cilia rootlets (Guerra et al., 2003; 
Lemullois et al., 2004), centrin is also found present in the myonemes of ciliate 
Eudiplodinium maggii (David and Vigues, 1994), Vorticella microstoma (Levy et al., 
1996) and Stentor coeruleus (Maloney et al., 2005), the infraciliary lattice (ICL) of 
Parmecium (Allen et al., 1998), the cytopharyngeal apparatus of the ciliates Nassula 
and Furgasonia (Vigues et al., 1999), the rhizoplast in Platymonas subcordiformis 
(Salisbury and Floyd, 1978), the nucleus-basal body connectors and inter-basal body 
distal fibers in Chlamydomonas reinhardtii (Salisbury et al., 1988; Sanders and 
Salisbury, 1989), and the basal rings in Toxoplasma gondii (Hu, 2008). These 
contractile structures are highly divergent in their appearances, and function in various 
cellular processes including flagellar beat (Melkonian, 1980), response to external 
stimuli (Febvre, 1981), food ingestion (Tucker, 1968), organelle positioning and 
segregation (Wright et al., 1989; Wright et al., 1985) and cell cycle dependent 
arrangement of cytoskeleton (Hu, 2008). Many contractile structures consist of 3-8nm 
filaments that contain centrin (Gogendeau et al., 2007; Melkonian, 1979). Antibodies to 
centrins inhibited Ca
2+
-dependant contraction of stellate fibers at the transition zone 






-induced centrin conformational change and/or centrin-centrin interaction were 
likely the driving force of contraction (Salisbury, 2004).  
 
1.2.3.2 Centrins on microtubule organizing centers (MTOCs) 
Centrins are readily identified at the eukaryotic MTOCs, including the basal bodies that 
seed cilia and/or flagella (Brugerolle et al., 2000; Guerra et al., 2003; Huang et al., 1988; 
Lemullois et al., 2004; Ruiz et al., 2005), the spindle pole bodies (SPB) in yeasts 
(Spang et al., 1993), and the centrosomes of higher eukaryotes (Salisbury et al., 1986). 
In organisms lacking morphologically distinct MTOC, centrins are targeted to the 
functional equivalents of MTOC, such as the microtubule nucleating sites in plants 
(Azimzadeh et al., 2008; DelVecchio et al., 1997) and some protists (Brugerolle et al., 
2000).  
 
Functional studies revealed a role of centrin in MTOC duplication and/or segregation. 
In yeast cells, the only centrin, CDC31, is localized to the half bridge of spindle pole 
bodies (SPB) and dysfunction of CDC31 results in single SPB of unusual large size 
during cell cycle due to the failure of nucleating a second SPB (Baum et al., 1986; 
Spang et al., 1993); deletion of TtCen1, a basal body centrin of Tetrahymena 
thermophila, causes defects in basal body duplication and stability (Stemm-Wolf et al., 
2005); in Chlamydomonas reinhardtii, RNAi of CrCentrin generates large amount of 




function (Koblenz et al., 2003); lastly, RNAi of human Centrin2 in HeLa cells inhibits 
centriole duplication.  
 
1.2.3.3 Other cellular functions of centrins 
While functioning on MTOCs and contractile structures, centrins have been found to 
function at various other cellular locations. In yeast, cytosolic CDC31 was found to be 
involved in maintenance of cell integrity through the interaction with Kic1p kinase 
(Sullivan et al., 1998). In the nucleus, human centrin2, yeast CDC31 and Arabidopsis 
thaliana centrin2 are involved nuclear excision repair (NER) through interaction with 
DNA repair factor Rad4 (termed XPC - xeroderma pigmentosum group C - in humans) 
(Chen and Madura, 2008; Molinier et al., 2004; Nishi et al., 2005). In the nuclear 
envelope, human centrin2 and CDC31 were found to participate in mRNA export 
(Fischer et al., 2004; Resendes et al., 2008). Finally, in cilia/flagella, Paramecium 
caudatum centrin1 controls the activity of the ciliary reversal-coupled voltage-gated 
Ca
2+
-channels (Gonda et al., 2007; Gonda et al., 2004); Chlamydomonas centrin and 
Tetrahymena centrin1 are both found associated with the inner dynein arms of flagella 
axoneme (Guerra et al., 2003; Piperno et al., 1990) and antibodies to Tetrahymena 
centrin block in vitro, Ca
2+
-dependent microtubule sliding against inner arm dynein 
(Guerra et al., 2003); in connecting cilium of mammalian photoreceptor cells, which is 
structurally equivalent to the transition zone connecting the basal body to the 
eukaryotic cilium/flagellum, centrin1 and centrin2 form complexes with visual 
G-protein transducin in a Ca
2+






-dependent regulation of transducin translocation (Giessl et al., 2004; Trojan et al., 
2008). 
 
1.3 TbCentrin2 and TbCentrin4 in T. brucei 
In procyclic T. brucei，TbCentrin2 and TbCentrin4 localize to the basal bodies, which 
seed the flagellum important for cell locomotion. Additionally, both TbCentrins 
localize to a bi-lobed structure in close proximity with the single Golgi apparatus 
(Figure 1.4 A and B) (He et al., 2005; Shi et al., 2008). However, functional 
investigations using RNAi revealed different cellular functions for TbCentrin2 and 
TbCentrin4 during the cell cycle (Figure 1.4 C). At the early stage of TbCentrin2 
depletion, cells containing one kinetoplast and two nuclei (1K2N) accumulated due to 
inhibited basal-body duplication and kinetoplast division; at later stage of TbCentrin2 
depletion, large multinucleated cells accumulated because cytokinesis was also 
inhibited; Golgi duplication was also inhibited when TbCentrin2 was depleted (He et 
al., 2005). Depletion of TbCentrin4 had no obvious effect on basal body and Golgi 
duplication. However, early phenotypes of TbCentrin4-RNAi involved unequal cell 
division that generated a daughter with 1K0N (1 kinetoplast and no nucleus) and the 
other daughter with 1K2N (1 kinetoplast and 2 nuclei), suggesting that the coordination 






Figure 1.4 TbCentrin2 and TbCentrin4 colocalize on basal bodies and bi-lobed 
structure, but perform different cellular functions.  
(A) Cellular localization of TbCentrin2 (TbCen2). Kinetoplast and nucleus were 
stained with DAPI (blue); single Golgi was labeled with antibody against Golgi 
Reassembly Stacking Protein (anti–GRASP, red). TbCentrin2 was labeled with 
antibody, 20H5 (green). Open arrow, basal bodies; solid arrow, bi-lobed structure. 
(Modified from He et al., 2005) (B) Like TbCentrin2 (TbCen2, red), TbCentrin4 
(TbCen4, green) localizes on the basal bodies and the bi-lobed structure. (Modified 
from Shi et al., 2008) (C) Schematic representation of RNAi phenotypes of TbCentrin2 
and TbCentrin4. Blue dot, nucleus (big) and kinetoplast (small); green square, basal 








1.4 Purpose of this study  
Apart from being a microorganism of medical and economic importance, the simple 
anatomy of T. brucei with single-copy organelles, the basal body pair, Golgi apparatus, 
kinetoplast, nucleus and flagellum, accompanied with its fully sequenced genome and 
advanced tools for genetic manipulations, makes T. brucei an emerging model to 
address fundamental cellular processes of organelles biogenesis, positioning and 
segregation in single cellular parasites (Bangs et al., 1996; Berriman et al., 2005; Brun 
and Schonenberger, 1979; Wang et al., 2000). Proper generation, positioning and 
segregation of organelles are essential for faithful control of cell division and cell fates 
(Blank et al., 2006; Warren and Wickner, 1996). In T. brucei, the conserved centrin 
proteins, TbCentrin2 and TbCentrin4, are among the molecules indispensible for the 
normal cellular processes mentioned above. TbCentrin2 and TbCentrin4 are targeted to 
the basal bodies as expected and mark a previously uncharacterized structure, the 
bi-lobed structure. RNAi experiments demonstrated that both TbCentrins are essential 
for proper cell cycle progression. However, it appeared that their functions in organelle 
duplication and cell cycle progression are distinct as described in 1.3. Studies 
conducted in this thesis were aimed to further understand the molecular mechanisms of 
TbCentrin2 and TbCentrin4 in T. brucei. Specifically,  
1. I investigated the biophysical properties of these two TbCentrins. The biophysical 
properties investigated in this study include Ca
2+
 binding and Ca
2+
-dependent 
conformational change and self-assembly, which are characteristics of centrins and are 




2. I searched for binding partners of the two TbCentrins. Strategies of yeast two-hybrid 
screening, homology screening and database screening for T. brucei proteins 
containing centrin binding motif initially characterized in Sfi1p have been used. 
Centrins are proteins functioning through interaction with other proteins (see 4.1). 
Hence, to understand the molecular mechanisms of TbCentrin2 and TbCentrin4 it is 
critical to know their binding partner(s) on basal bodies and bi-lobed structure, since 
basal bodies and bi-lobed structure are the observed cellular localizations of these two 
TbCentrins to date. 
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Chapter 2 Materials and methods 
 
2.1 Molecular cloning 
2.1.1 Polymerase chain reaction (PCR) 
Standard PCR was performed in a 50µl reaction including 1µl dNTP (10mM), 1µl 
forward primer (10µM), 1µl reverse primer (10µM), 0.2µl DNA polymerase (Pfu 
DNA Polymerase, Taq DNA polymerase or Advantage 2 polymerase), 10×reaction 
buffer, appropriate amount of MgCl2 according to instruction manual of polymerase 
that was used, and template DNA (~250ng genomic DNA). The choice of polymerase 
depended on the length of PCR product, required accuracy etc. A typical PCR 
reaction cycle consisted of the following steps: 1. denaturation at 95°C for 5min; 2. 30 
cycles of denaturing (95°C for 30sec), annealing (at appropriate temperature for 45sec) 
and extension (72°C for variable length of time depending on the product size); 3. 
final extension at 72°C for 5min. All PCR reactions were performed on DNA Engine
®
 
Peltier Thermal Cycler or My Cycler™ Therm l Cycler (Bio-Rad, USA). 
 
2.1.2 DNA gel electrophoresis 
DNA fragments were separated on agarose gels containing 1% agarose and 0.005% 
SYBR green in TAE buffer (1st Base, Singapore). A voltage of 10V/cm was applied. 
Samples were mixed with 1/5 volume of 6×DNA loading buffer (Promega, USA). 
Sizes of DNA fragment were determined by comparison with DNA ladders (Promega, 
1kb DNA ladder). DNA was visualized with G:BOX or under a UV illuminator. 
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2.1.3 Measurement of DNA concentration 
DNA concentration was measured using Nano-Drop (Thermo Scientific, USA). 2µl 
DNA of unknown concentration was loaded onto the measuring point for 
measurements. 2µl buffer in which DNA is dissolved was used as control to blank 
measurement. 
 
2.1.4 Restriction endonuclease digestion  
Restriction enzyme digestion was used to assist insertion of genes into plasmid 
vectors during gene cloning. To clone a gene fragment into a vector, both gene 
fragment and plasmid DNA were typically cut with the same restriction enzyme(s). 
Typically, 1-2µg of plasmid DNA or gene fragment was digested with 2-4units of 
restriction enzyme in a 50µl reaction volume at 37°C for overnight. Restriction 
enzymes were purchased from Promega (USA) or New England Biolabs (UK). 
Digestion products were subjected to agarose gel electrophoresis followed by gel 
purification using QIAquick PCR Purification Kit (QIAGEN, Germany). 
 
2.1.5 DNA ligation 
DNA ligation was carried out with reaction volume of 10µl, containing insert DNA, 
plasmid DNA, 1µl T4 DNA ligase (New England Biolabs) and 1µl 10×ligation buffer 
(New England Biolabs). The molar ratio of insert DNA to vector DNA was between 
3:1 and 10:1. The ligation was performed at 16°C for overnight.  
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2.1.6 Sequencing of DNA 
DNA sample was amplified with ABI PRISM BigDye Terminator Cycle Sequencing 
Ready Reaction Kit (Applied Biosystems Inc., USA) according to the m nuf cturer’s 
instructions with following modific tions. 20µl re ction w s prep red cont ining 2μl 
terminator ready reaction mix (Applied Biosystems Inc., USA), 3µl 5×sequencing 
buffer, 3µl sequencing primer (10µM) and 100-250ng of DNA sample. Sequencing 
cycles (30 sec at 96°C, 15 sec at 50°C, 4 min at 60°C for 25 cycles and rapid thermal 
ramp to 4 °C) were then performed on the thermocycler. After completion of cycles, 
the PCR products were transferred to a 1.5ml Eppendorf tube and thoroughly mixed 
with 60µl ethanol (100%) and 5µl EDTA (125mM) before leaving for incubation at 
room temperature for 15min. After incubation, the mixture was centrifuged at 
13.3rpm for 20min at 4°C. The supernatant was discarded and the DNA pellet was 
washed once with 500µl 70% ethanol. The DNA pellet was air dried and kept at 
-20°C until sequencing performed on ABI 3130xl or ABI 3730xl DNA sequencer.  
 
2.1.7 Preparation of heat-shock competent E. coli cell  
Stock E. coli cells (TOP10, BL-21) were streaked on antibiotics-free LB-agar plate 
and incubated overnight at 37°C to allow growth of single colonies. One single 
colony was then inoculated into 10ml antibiotics-free LB medium (yeast extract 5g/L, 
Tryptone 10g/L, NaCl 10g/L, adjusted with NaOH to pH7.4) in a 125ml- flask and 
incubated overnight with vigorous shaking at 37°C. 2.5ml overnight culture was 
subsequently inoculated into 50ml fresh antibiotics-free LB medium in a 125ml flask 
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and shaken at 37°C until OD600 reached 0.4 to 0.6. The cell culture was then cooled 
on ice for 30-45min with gentle shaking before centrifugation at 3000rpm for 10min 
at 4°C. The bacterial pellet was resuspended in 25ml TB1 buffer (sterile ice-cold; 
100mM RbCl, 50mM MnCl2, 30mM KOAc, 10mM CaCl2, 15% Glycerol, pH5.8 
adjusted with 0.2M acetic acid), placed on ice for 5min and centrifuged at 7000rpm 
for 5min. Pellet was resuspended gently in 2ml of ice-cold TB2 (75mM CaCl2, 10mM 
RbCl, 10mM MOPS, 15% Glycerol, pH6.5 adjusted with KOH). 100µl cell 
resuspension was aliquoted into a pre-chilled 1.5ml Eppendorf tube. Aliquots were 
snap frozen with liquid nitrogen and stored at -80°C until use. 
 
2.1.8 Transformation of E. coli by heat shock 
A tube of E. coli competent cells frozen at -80°C was thawed on ice. 10ng purified 
plasmid or 10µl ligation reaction was added in tube and mixed with competent cells 
by gentle tapping of tube. Mixture was kept on ice for 10 to 20min to facilitate 
plasmid attachment to cell wall. The mixture was placed in a 42°C water bath or 
heating block for 90sec and quickly chilled on ice for 2min. 900µl LB medium was 
added to the tube, which was subsequently incubated at 37°C with shaking at 
~200rpm for 30min. Cell culture was centrifugated at 3000rpm for 2min. Extra 
supernatant was discarded. The pellet was then resuspended in 100µl LB medium. 
20µl (for plasmid transformation) or entire suspension (for ligation product) was 
spread evenly over the entire surface of LB-agar plate with suitable antibiotics. The 
LB-agar plate was then incubated overnight at 37°C. 
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2.1.9 Isolation of plasmid DNA from E. coli 
Small amounts of plasmid DNA was isolated from E. coli using GeneAll
® Exprep™ 
Plasmid Quick kit. Large amounts of plasmid DNA was isolated with QIAGEN 
Plasmid Maxi Kit. 
 
2.1.10 Long-term storage of E. coli 
E. coli cells were cultured overnight in LB-broth supplemented with appropriate 
antibiotics. The overnight culture was then mixed with glycerol at a ratio of 4:1 and 
stored at -80°C.  
 
2.2 Protein methods 
2.2.1 SDS Polyacrylamide Gel electrophoresis (SDS-PAGE) 
SDS-PAGE gel electrophoresis separates proteins according to their size and was 
carried out with Mini-PROTEIN 3 Electrophoresis system (BioRad, USA). Briefly, 
separation gels were prepared by mixing 1.25ml Tris-HCl (1.5M, pH 8.8), appropriate 
amount of 30% acrylamide/bisacrylamid solution (37.5:1) (BioR d, USA), 50μl 10% 
SDS  nd 50μl 10% freshly-prepared ammonium persulfate (APS) (USB Corporation, 
USA). Milli-Q H2O was used to adjust the total volume to 5ml. The 
acrylamide/bisacrylamid percentage of the separation gel is determined by the size of 
the proteins to be analyzed. 10% and 15% acrylamide/bisacrylamid percentages were 
used in this thesis, which were appropriate for the separation of proteins 
between12-43kDa and 16-68kDa, respectively. 2 ml 5% stacking gel was prepared by 
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mixing 0.33ml 30% acrylamide/bisacrylamid solution, 0.25ml Tris-HCl (1M, pH 6.8), 
20μl 10% SDS, 20μl 10% fresh APS, 2μl TEMED  nd 1.4ml H2O.  
 
Electrophoresis was performed in Tris-Glycine-SDS running buffer (25mM Tris, 
192mM glycine, 0.1% SDS; 1st BASE). Two volumes of protein sample was mixed 
with 1 volume of 3×Loading buffer (150mM Tris-HCl, 6% SDS, 30% Glycerol, 3% 
β-Mercaptoethanol, 37.5mM EDTA, 0.06% Bromophenol Blue, pH 6.8) and boiled at 
100°C for 5 to 10min. Denatured protein samples were then loaded and subjected to 
electrophoresis under constant voltage of 60v to allow concentration in the stacking 
gel. Once the loading dye reached the separation gel, electrophoresis was carried out 
under 100v till satisfying separation was obtained. Precision Plus Protein Dual Color 
Standards (Bio-Rad, USA) was run parallel to sample as the reference of protein 
molecular weight. 
 
2.2.2 Staining of proteins in SDS-PAGE gels with Coomassie Blue 
After electrophoresis, SDS-PAGE gels were stained with staining solution containing 
0.1% Coomassie Brilliant Blue R250, 10% acidic acid and 40% ethanol for 45min 
with gentle shaking on a platform shaker. Gels were then distained with solution 
containing 10% acidic acid and 40% ethanol.  
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2.2.3 Western blottings  
Polyvinylidene difluoride (PVDF) membrane (Bio-Rad, USA) was cut to the same 
size as the SDS-PAGE gel, pre-wetted in absolute methanol and rinsed with water. 
The PVDF membrane and the polyacrylamide gel containing separated proteins were 
placed in-between layers of Whatman paper soaked in transfer buffer (0.3% Tris, 1.45% 
glycine and 20% methanol), inserted into plastic holder with sponge filter and fixed 
into transfer tank containing transfer buffer. Any air bubbles between the gel and the 
PVDF membrane should be pushed out. The transfer was performed at constant 
current of 400mA for 1hour at 4°C.  
 
The blotted membrane was then washed with water and incubated with blocking 
buffer containing 5% skimmed milk dissolved in TBST (0.1% Tween-20,10mM 
Tris-HCl, 150mM NaCl, pH7.6) for 2 hour at room temperature on a platform shaker. 
After blocking, membrane was incubated with primary antibody diluted to the desired 
concentration with blocking buffer for 1 hour at room temperature on a shaker and 
washed 3 times with TBST. The membrane was then incubated with corresponding 
HRP (Horseradish Peroxidase)-conjugated secondary antibody diluted with blocking 
buffer to the desired concentration for 1 hour at room temperature on a shaker. The 
membrane was then washed 3 times with TBST. The membrane was then incubated 
with substrate solution prepared from SuperSignal
®
 West Dura Extended Duration 
Substrate Kit (Thermo Scientific, USA). ImageQuant LAS 4000 (GE Healthcare, UK) 
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was used to scan and acquire digital images of the blots. Alternatively, the membranes 
were exposed to x-ray films. 
 
2.2.4 Expression of recombinant proteins in E. coli 
E. coli BL21 cells were transformed with expression vectors containing the desired 
genes. Single colony of transformed BL21 cells was inoculated into LB medium 
containing appropriate antibiotic and cultured overnight at 37°C with shaking. 1/50 
volume of the overnight night culture was transferred into fresh cell culture medium 
and cultured at 37°C until the OD600 reached 0.6-0.8. 
Isopropyl-beta-D-thiogalactoside (IPTG) was then added into cell culture to the final 
concentration of 200µM to induce expression of recombinant protein. Induction was 
typically performed at 37°C with shaking for 4 hours. Cells were subsequently 
harvested by centrifugation at 4000rpm at 4°C for 20min and stored at -80°C until 
use. 
 
2.2.5 His-tagged protein purification 
Cell pellet obtained from IPTG-induced cell culture (1-2L) was thawed on ice before 
being resuspended in 40ml pre-chilled lysis buffer (50mM Tris-HCl, 300mM NaCl, 5% 
glycerol, 5mM BME, 5mM imidazole, 0.1% Triton X-100, 0.005mg/ml aprotinin, 
0.005mg/ml leupeptin hydrochloride, 0.005mg/ml pepstatin A, 1mM PMSF, pH7.4). 
Cells were disrupted by sonication at 30% output (2sec pulse on and 2sec pulse off for 
a total of 4min) using a VCX130 sonicator (Sonics, USA). Cell lysates were kept on 
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ice all the time. After sonication, cell lysates were centrifuged at 10000rpm for 30min 
at 4°C. Supernatants were then incubated with lysis buffer equilibrated NTA-Ni beads 
(QIAGEN, Germany) for 40min at 4°C. Typically, 2-3ml slurry of beads was used 
each purification. After incubation, protein bound beads were washed with 50ml cold 
wash buffer (50mM Tris-HCl, 300mM NaCl, 5% glycerol, 5mM BME, 20mM 
imidazole, pH7.4) 3 times, 10min each time. Protein was then eluted with 5ml elution 
buffer (50mM Tris-HCl, 250mM NaCl, 5% glycerol, 5mM BME, 250mM imidazole, 
pH7.4) and subjected to fast protein liquid chromatography (FPLC) for further 
purification.  
 
2.2.6 GST-tagged protein purification 
Procedures for purification of GST-tagged protein were similar to those for 
His-tagged protein purification. Briefly, cell pellets from 1-2L cell culture were 
homogenized in 40ml lysis buffer (50mM Tris-HCl, 150mM NaCl, 5% glycerol, 
1mM DTT, 0.1% Triton X-100, 0.005mg/ml aprotinin, 0.005mg/ml leupeptin 
hydrochloride, 0.005mg/ml pepstatin A, 1mM PMSF, pH7.4) by sonication. After 
centrifugation, cleared lysates were incubated with equilibrated Glutathione 
Sepharose 4 Fast Flow beads (GE Healthcare, UK) for 1-2 hours at 4°C. Typically, 
2-3ml slurry of beads was used each purification. Beads were then washed with 50ml 
wash buffer (50mM Tris-HCl, 150mM NaCl, 5% glycerol, 1mM DTT) 3 times for 
30min each time. Protein was then eluted from beads with 5ml of elution buffer 
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(50mM Tris-HCl, 20mM Reduced Glutathione, pH 7.4) and subjected to FPLC for 
further purification.  
 
2.2.7 FPLC 
FPLC was performed using system from Amersham Pharmacia (Sweden). To further 
purify protein obtained from affinity purification, column HiLoad 16/60 Superdex 75 
or Superdex 200 from GE Healthcare (UK) was used. High-resolution column, 
Superose 12 HR 10/30 from GE Healthcare was used for self assembly test of 
centrins.  
 
2.2.8 In vitro GST pull-down 
Glutathione Sepharose 4 Fast Flow beads coated with appropriate recombinant GST 
fusion proteins were suspended in equal volume of PBS buffer (137mM sodium 
chloride, 2.7mM potassium chloride, 7mM disodium hydrogen phosphate, 3mM 
sodium dihydrogen phosphate, pH7.4; 1st Base). E. coli cells, which had been 
transformed and induced to express His-centrin, were harvested and lysed with 1/5 
volume (volume of induced cell culture of E. coli) of PBS containing 0.1% Triton 
X-100, 5mM EDTA and protease inhibitor (Roche, Switzerland; every 50ml of lysis 
buffer requires one tablet of complete cocktail protease inhibitor) by sonication. 20µl 
bead slurry was then incubated with 500µl centrifugation-cleared cell-lysate in an 
Eppendorf tube for 2 hours at room temperature with rotation. Beads were then 
washed 3 to 5 times with PBS containing 0.1% Triton X-100 and 5mM EDTA, 
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resuspended with 20µl loading buffer, and boiled at 100°C for 5min to elute attached 
proteins from beads. Protein elution was subsequently subjected to SDS-PAGE 
followed by immunoblottings. 
 
2.2.9 In vivo GST pull-down 
200ml T. brucei cells, which overexpress GST tagged synaptotagmin and TbCentrin4, 
at concentration of 1×10
7
 cells/ml were harvested and washed twice with cytomix 
(25mM Hepes, 120mM KCl, 0.15mM CaCl2, 10mM K2HPO4, 2mM EGTA, 5mM 
MgCl2, adjusted with KOH to pH7.6). Cells were then suspended in 1ml PCL buffer 
(PBS containing 5mM EDTA, 0.005mg/ml aprotinin, 0.005mg/ml leupeptin 
hydrochloride, 0.005mg/ml pepstatin A). DSP Crosslinker (Thermo Scientific Pierce 
Protein Research Products, USA) was next added into cell suspension to final 
concentration of 4mM and cell suspension was then incubated on ice for 2 hours. 
After incubation, cells were harvested by centrifugation at 5000rpm for 1min, 
suspended in 50mM Tris (pH7.5, able to stop crosslink activity of DSP) and incubated 
on ice for 15min. Cells were then harvested and suspended in 0.9ml PCL buffer. 1µl 
1M PMSF and 100µl 10% SDS were then added into cell suspension. Cell lysate 
lysed with SDS was homogenized by passing several times through a 27G needle, 
incubated on ice for 5min and centrifuged at 13000rpm for 15min at 4°C to clear cell 
lysate. Clear lysate was then mixed with 8ml PCL and 1ml 20% Triton X-100. 
Mixture was next incubated with 100µl Glutathione Sepharose Beads (50% slurry, 
washed with PCL 3 times) at 4°C for 2 hours with rotation. After incubation, beads 
Materials and methods 
31 
 
were washed 4 times with PCL containing 1% Triton X-100. Proteins on the beads 
were finally eluted with 100µl 1×SDS loading buffer by heating at 100°C for 5min. 
30µl elution was loaded for SDS-PAGE followed by immunoblotting. 
 
2.2.10 Protein dialysis  
Protein solution was added to SnakeSkin Pleated Dialysis Tubing (Thermo Scientific, 
USA) of desired length with one end of the tubing tightly clamped. The open end was 
then secured also by clamping. The tubing with sample was immersed into 2L buffer 
prepared according to the requirement of following experiment. The dialysis was 
performed at 4°C for 24 hours with gentle mixing on a magnetic stirrer. 
 
2.2.11 Bradford assays 
Protein concentration was determined using Bradford method in this study. The 
Bradford method is based on the phenomenon that under acidic conditions, the 
absorbance maximum for Coomassie Brilliant Blue G-250 shifts from 465nm to 
595nm when binding to protein occurs. Briefly, 1µl sample or protein standard of 
known concentration was mixed with 1ml Bradford reagent (0.01% Coomassie 
Brilliant Blue G250, 5% ethanol and 8.5% phosphoric acid). The absorbance of the 
mixture was determined by spectrophotometer using 1ml of Bradford reagent only as 
blank. The concentration of sample was determined by the standard curve obtained by 
plotting OD595nm versus protein standard concentrations. 
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2.2.12 Concentrating protein samples by centrifugation 
Protein solution was transferred into protein concentrator with 10K molecular weight 
cut off (Millipore Corporation, USA) and centrifuged at 4000-5000rpm for 
appropriate time at 4°C to concentrate protein to the desired endpoint 
volume/concentration.  
 
2.2.13 Circular dichroism (CD) spectroscopy 
CD was employed to detect conformational change of proteins in solution at 
secondary structural level in this study. CD measurement was recorded on a JASCO 
J-810 spectropolarimeter equipped with temperature control unit. Sample dissolved in 
10mM Tris-HCl, 50mM NaCl at pH7.4 at 20°C in a 10mm path cuvette was first 
recorded. 100mM CaCl2 was then added into sample to 1mM final concentration for 
the second recording. All spectra represented the average of three scans over the range 
of 190 to 250nm with a step size of 0.1nm and a band width of 1nm.  
 
2.3 T. brucei 
2.3.1 Culture of procyclic T. brucei 
Procyclic, T. brucei rhodesiense, YTat1.1 cells were cultured in Cunningham medium 
containing 15% heat-inactivated fetal calf serum (Clontech, USA) at 27°C. The cell 




cells/ml. Cells may be diluted to 
lower densities once they are already culture adapted.  
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The procyclic 29.13 cell line (T. brucei brucei) was cultivated in Cunningham media 
containing 15% heat-inactivated, tetracycline (tet)-system approved, fetal calf serum 
in the presence of 15μg/ml G418  nd 50μg/ml hygromycin  t 27°C. 
 
2.3.2. Genomic DNA isolation from T. brucei  
~50ml log-phase cells (~5-8×10
6
 cells/ml) were harvested by centrifugation at 
3000rpm for 7min, washed once with 50ml PBS and resuspended in 0.5ml TE buffer 
(10mM Tris-HCl, 1mM EDTA pH 8.0). 1µl RNAse (10mg/ml) and 10µl 10% SDS 
were added to the cell suspension and mixed well. Mixture was incubated at 55°C for 
30min and subsequently mixed with 20µl protease K (10mg/ml) and incubated at 
55°C for 1 hour. The cell lysates were then extracted with 0.5ml equilibrated 
phenol-chloroform-isoamyl alcohol by vortexing for 15-20s before centrifugation at 
top speed for 10min at 4°C. After centrifugation, the top aqueous layer containing 
genomic DNA was then transferred to fresh tube and was subjected to another two 
rounds of extractions with 0.5ml phenol-chloroform-isoamyl alcohol mixture and a 
final extraction with 0.5ml chloroform-isoamyl alcohol (24:1). The top aqueous, 
DNA-containing layer was mixed with 1/10 volume of 3M sodium acetate (pH 5.2) 
and 2 volume of 100% ethanol, mixed and incubated on ice for 30min before 
centrifugation at top speed at 4°C for 30min. Genomic DNA pellet was washed once 
with 500µl 70% ethanol and air dried. The air-dried pellet was dissolved in 100µl TE 
buffer and stored at -20°C. 
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2.3.3 Long-term storage of T. brucei cells 
10ml log-phase cells were harvested and resuspended in 1ml original culture medium 
supplemented with 10% glycerol. Cells were then transferred to a cryotube and were 
first frozen at -20°C and subsequently moved into -80°C freezer or liquid nitrogen for 
long-term storage. To recover, frozen cells were transferred into culture medium once 
thawed at room temperature. Appropriate antibiotic(s) was/were then added. 
 
2.3.4 Transient and stable transfection of procyclic T. brucei  
30-50µg circular plasmid DNA and 10-15µg linearized plasmid DNA were used for 
transient and stable transfection, respectively. To precipitate DNA, 1 volume of DNA 
solution was mixed with 2.5 volume of 100% ethanol and 1/10 volume of 3M sodium 
acetate (pH5.2) and incubated on ice for 15min before centrifugation at 13.3rpm for 
15min at 4°C. Supernatant was discarded and DNA pellet was washed once with 70% 
ethanol, air dried and kept at -20°C until use. 
 




 cells/ml) were harvested at 3000rpm for 7min. 
Cell pellet was then washed with 10ml cytomix. Cells were then resuspended in 400µl 
cytomix and transferred into cuvette (0.4cm gap BioRad electroporation cuvette). 
DNA dissolved in 100µl cytomix was added to the cuvette and mixed well with the 
cells. The mixture was then electroporated twice using a BioRad Gene Pulser (1500 V, 
25 µF, ∞ Ω), with 10 seconds in  etween pulses. The transfected cells were then 
transferred into a tissue culture flask containing 10ml fresh medium, and incubated at 
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28°C. For transient transfection, expression was typically checked 16-28 hours after 
transfection. For stable transfection, cloning and antibiotic selection typically started 
at 6 hours post electroporation.  
 
2.3.5 Cloning of stable transformants by serial dilution 
100µl cultivation medium (without selection antibiotics) was added into every well of 
the first 11 columns of 96-well plate using a multi-channel micropipettor. Cell culture 
(6 hours after transfection) was diluted 2-10 times with cultivation medium. 100µl 
diluted cell culture was then added into each well of the first column of a 96-well 
plate, and mixed thoroughly with an 8-channel micropipettor. 100µl of the mixed 
culture was then transferred from the first column to wells in the second column, 
producing a 2 fold dilution. This procedure was repeated to all columns. 100µl 
cultivation medium containing 2×appropriate antibiotic(s) was then added into each 
well column by column starting from the last column with the lowest cell 
concentration. The plate was then covered, sealed with parafilm and incubated in 
incubator containing 5% CO2 until formation of observable cell population growing 
from a single transfected cell in a well, which typically took two weeks. 
 
2.3.6 RNAi experiment 
The RNAi target region is selected by using online free program RNAiT 
http://trypanofan.path.cam.ac.uk/software/RNAit.html. The DNA sequence 
corresponding to the target region was cloned into vector pZJM using XbaI RE site. 
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Generated pZJM construct was then linearized with NotI and transfected into 29.13 
cell line. Transformants were selected according to procedure 2.3.5. Tetracycline was 
added into cell-culture of transformant to final concentration of 10µg/ml to induce 
expression of double strand RNA. 
 
2.3.7 Immunofluorescence assays of T. brucei 
1ml log phase cells were harvested by centrifugation at 4600rpm for 1min in an 
Eppendorf tube. Supernatant was removed by aspiration. After washing with 1ml PBS, 
cell pellet was suspended in 1ml fresh PBS. 200µl suspension was evenly loaded onto 
one cover slip (Deckglaser, Germany) of 12mm diameter, which was placed on a 
piece of parafilm in a plastic dish containing a piece of moistened Whatman paper. 
After 30min, the coverslip with attached T. brucei cells was transferred into a well in 
a 24-well plate containing pre-chilled (-20°C) methanol and fixed at -20°C for 
15-20min. The cover slip was then quickly transferred to PBS for re-hydration for 
10min.  
 
Fixed cells on coverslip were blocked with 3% BSA in PBS for 1hour. Primary and 
secondary antibodies were diluted to appropriate concentrations with 3% BSA in PBS. 
Typically 15µl antibody solution was used to label each coverslip placed with 
cells-side down on a piece of parafilm. Cells were labeled with the primary antibodies 
for 1 hour at room temperature, washed 3 times with PBS, and then incubated with 
matchable secondary antibodies, which were covalently linked to fluorescent 
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molecules. After a brief wash with PBS, the coverslip was counter-stained with 4', 
6-diamidino-2-phenylindole (DAPI, 2µg/ml) in PBS for 20min. Cells were then 
washed 2 times with PBS and once with Milli-Q water, mounted onto slides using 
Fluorescence Mounting medium (SouthernBiotech Fluoromount-G
TM
, USA) and 
air-dried completely before observation using an Axio Observer (Zeiss, Germany) 
equipped with a 63×NA1.4 objective or confocal microscope LSM510 Meta.  
 
2.3.8 Sample preparation for immuno cryoEM  
10ml log phase cells were harvested by centrifugation (4600rpm for 1min) at 4°C and 
washed once with PBS. Cells were then suspended in 1ml fixative (PBS containing 4% 
paraformaldehyde and 0.05% glutaraldehyde) and fixed for 1hr on ice. Samples were 
then embedded in 10% gelatin and infiltrated overnight with 2.3M sucrose/20% 
polyvinyl pyrrolidone in PIPES/MgCl2 at 4°C. Cryosections were probed with a 
polyclonal anti-GFP (Abcam, UK) antibody and subsequently secondary antibody 
conjugated to 18nm colloidal gold (Jackson ImmunoResearch Laboratories Inc.). 
Sections were then washed in PIPES (piperazine-N,N’-bis) buffer, rinsed with water, 
stained with 0.3% uranyl acetate/2% methyl cellulose, and observed with a JEOL 
1200 EX electron microscope (JEOL). 
 
2.4 Yeast two-hybrid screening methods 
2.4.1. Isolation of mRNA from T. brucei 
T. brucei mRNA was isolated with FastTrack® MAG Maxi mRNA Isolation Kit 
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(Invitrogen, USA) of which magnetic beads conjugated with oligo(dT)s were used to 
isolate mRNA with poly A tails from cell lysates. Briefly, 20ml log-phase cells were 
harvested and washed once with 20ml PBS. Cell pellet was then resuspended in 500µl 
of lysis buffer containing 10µl proteinase K (20mg/ml). The cell lysate was cleared by 
centrifugation at top speed in a microcentrifuge for 5min and the supernatant was 
transferred into a fresh Eppendorf tube and incubated at 45°C for 10min. 200µl 
magnetic beads (prewashed) and 500µl binding buffer preheated to 70°C were then 
added to the supernatant, and the mixture incubated at 70°C for 5min followed by 
gentle mixing at room temperature for 10min. The beads were then separated from 
solution using a magnetic separator. The beads were washed several times using wash 
buffers (included in the kit). DNase I was also added in to final concentration of 1unit 
per 100µl to degrade contaminant DNA. mRNA was then eluted from beads with 
20µl RNase-free water. 
 
2.4.2 Synthesis of first-strand cDNA 
1-2µl purified mRNA (1µg) and 1µl CDSIII primer (12µM; Clontech, USA) were 
mixed using appropriate amount of deionized H2O to adjust the total volume to 4µl. 
The mixture was incubated at 72°C for 2min and rapidly cooled on ice for 2 min. 
After cooling, 2µl 5×Firs-Strand Buffer (Clontech), 1µl 2mM DTT (Clontech), 1µl 
dNTPs (10mM, Clontech), and 1µl MMLV Reverse Transcriptase (Clontech) were 
added into the tube and mixed with the contents in the tube. Mixture was then 
incubated at 42°C for 10min followed by addition of 1µl SMART III Oligonucleotide 
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(Clontech) and incubation at 42°C for 1 hour. Reaction was then terminated at 75°C 
for 10 min. Until the temperature of contents in the tube reached room temperature, 
template RNA was then degraded by RNase H (1µl, Clontech) at 37°C for 20min. 
After RNase H treatment, the mixture in the tube can be stored at -20°C or 
immediately used for amplification of double strand (ds) cDNA. 
 
2.4.3 Amplification of ds cDNA by long distance PCR (LD-PCR) 
Ds cDNA was amplified in a 100µl reaction including 2µl first-strand cDNA 
synthesized from 2.4.2, 70µl deionized H2O, 10µl 10×Advantage 2 PCR Buffer 
(Clontech), 2µl 10mM dNTP mix, 2µl 5’ PCR primer (Clontech), 2µl 3’ PCR primer 
(Clontech), 10µl 10× GC-Melt Solution (Clontech), 2µl 50×Advantage 2 Polymerase 
Mix. The PCR reaction cycle consists of steps: 1) denaturation at 95°C for 30sec, 2) 
20 cycles of amplification (each cycle began with 10sec of denaturation followed by 
extension at 68°C; the extension time for the first cycle was 6min; extension time was 
then increased by 5sec with each successive cycle), and 3) final extension at 68°C for 
5min. After amplification, ds cDNA was purified with CHROMA SPIN TE-400 
Column (Clontech) according to instruction. 
 
2.4.4 Preparation of yeast competent cells 
Yeast cells (Y187 or AH109) were streaked on YPDA agar (Clontech) plate and 
incubated at 30°C for ~3 days to allow growth of single colonies. A single colony was 
then inoculated into 3ml of YPDA medium (20g/L difco peptone, 20g/L yeast extract, 
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0.003% adenine hemisulfate) and incubated at 30°C with shaking for 8 hours. 10µl 
culture was subsequently inoculated into 20ml fresh YPDA medium and incubated at 
30°C until OD600 reached 0.15 to 0.3. The cell culture was then centrifuged at 700g 
for 5min at room temperature. Cell pellet was resuspended in 50ml fresh YPDA and 
incubated at 30°C until OD600 reached 0.4 to 0.5. Cells were then harvested by 
centrifugation at 700g for 5min, washed once with 50ml sterile, deionized H2O, 
resuspended in 1.5ml 1.1×TE/LiAc solution (1.1 volume of 10×TE buffer and 1.1 
volume of 1M LiAc were mixed and diluted with 7.8 volume of deionized H2O), and 
centrifuged in a microcentrifuge at high speed for 15 sec. Cell pellet was resuspended 
in 600µl 1.1×TE/LiAc and the cells were ready for transformation.  
 
2.4.5 Small-scale yeast transformation 
~250ng bait construct, 5µl Herring Testes Carrier DNA (10mg/ml; Clontech), 500µl 
PEG/LiAc solution (prepared through mixing 8 volume of 50% PEG3350 with 1 
volume of 10×TE buffer and 1 volume of 1M LiAc) and 50µl Y187 competent cells 
prepared as described above were thoroughly mixed by gentle vortexing and 
incubated at 30°C for 30min. During incubation, mixture was vortexed every 10min. 
20µl DMSO was then added into the mixture, which was incubated in a 42°C water 
bath for 15min with occasional mixing. Cells were then harvested by centrifugation in 
a microcentrifuge at top speed for 15 seconds, resuspended in 1ml YPD Plus Liquid 
Medium (Clontech) and incubated at 30°C for 90 min. After incubation, cells were 
harvested and suspended in 1ml 0.9% NaCl solution (Clontech). 100µl of 1:10 
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dilution was then spread onto plate containing SD/-Trp medium (46.7g/L Minimal SD 
Agar Base from Clontech, and 0.74g/L -Trp DO Supplement from Clontech) and 
incubated at 30°C for ~2-4 days until colonies appeared.  
 
2.4.6 Transformation of yeast strain AH109 with ds cDNA and pGADT7-Rec 
20µl ds cDNA synthesized in 2.4.3, 6µl linearized pGADT7-Rec (0.5µg/µl; Clontech, 
USA), 20µl Herring Testes Carrier DNA and 600µl AH109 competent cells were 
mixed. 2.5ml PEG/LiAc solution was then added and the mixture incubated at 30°C 
for 45 min. During incubation, cells were mixed every 15 min. The cells were then 
mixed with 160µl DMSO and incubated in a 42°C water bath for 20min with gentle 
mixture every 10min during incubation. Cells were then harvested by centrifugation at 
700g for 5 min, resuspended in 3ml YPD Plus Liquid Medium and incubated at 30°C 
for 90 min. After incubation, cells were harvested by centrifugation at 700g for 5 min 
and resuspended in 30ml NaCl Solution. Cells in NaCl Solution were then spread onto 
thirty-five 15cm plates containing SD/-Leu medium (46.7g/L Minimal SD Agar Base 
from Clontech, and 0.69g/L -Leu DO Supplement from Clontech) and incubated at 
30°C for 5 days until colonies appeared. All transformants were then collected by 
washing the plates with 300ml freezing medium (20g/L Difco peptone, 10g/L yeast 
extract, 25% glycerol). The collected yeast transformants were then aliquoted (1ml 
per Eppendorf tube) and stored at -80°C.  
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2.4.7 Yeast mating 
1ml aliquot of library from 2.4.6 and 5ml (≥1×109 cells/ml) Y187 transformed with 
bait construct were combined in a 2L flask containing 45ml 2×YPDA/Kan (50µg/ml). 
The library cells adhering to the wall of storage tube were then washed off with 2ml 
of 2×YPDA/Kan (50µg/ml) and added into the 2L flask. The flask containing the 
combined cells was then incubated at 30°C for 24 hours to let AH109 and Y187 mate 
with each other. After mating, mating mixture was subjected to centrifugation at 
1,000g for 10min. Cell pellet was then suspended with 10ml 0.5×YPDA/Kan 
(50µg/ml). Suspension was then spread onto plates containing 
SD/-Trp/-Leu/-His/-Ade medium (46.7g/L Minimal SD Agar Base from Clontech, 
and 0.6g/L -Trp/-Leu/-His/-Ade DO Supplement from Clontech). After five days of 
incubation at 30°C, diploids with interactions between bait and prey will appear on 
the plates. 
 
2.4.8 Long-term storage of yeast cells 
Yeast strains, Y187 and AH109, were stored in YPD medium (20g/L difco peptone, 
10g/L yeast extract) with 25% glycerol at -80°C. Transformed yeast strains were 
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Chapter 3 Ca2+-regulated activity of TbCentrin2 and TbCentrin4 
 
3.1 Brief introduction 
Studies on other centrins demonstrate a crucial role of Ca
2+
 in regulating activity of 
centrins, indicating the employment of centrins as Ca
2+
 sensors in Ca
2+
 signaling 
pathway. Both TbCentrin2 and TbCentrin4 are essential for proper cell cycle 
progression and Ca
2+
 signaling may be involved in regulating the activities of these 
two TbCentrins during the cell cycle. This chapter summarizes studies on the 
Ca
2+
-regulated activity of TbCentrin2 and TbCentrin4. How differences in the 
biophysical properties may explain their functional differences will be discussed.  
 
3.2 Results 
3.2.1 Analysis of the primary structures of TbCentrin2 and TbCentrin4 
As shown in Figure 3.1, four EF-hands were predicted in TbCentrin4, and three in 
TbCentrin2 (based on the criteria described in 1.2.1). Typically, the loop regions 
within Ca
2+
-coordinating EF-hands start with residue D and end with residue E. Both 
EF hands I and IV in both TbCentrin2 and TbCentrin4 have these characteristics and 
were predicted to bind Ca
2+
. I therefore set out to confirm Ca
2+
 binding of these two 











Figure 3.1 Primary structural characteristics of TbCentrin2 and TbCentrin4 
Amino acids constituting EF-hands are shaded with gray color. TbCentrin4 contains 
four EF-hands, which are respectively labeled with I, II, III, and IV. For TbCentrin2, 
the second EF-hand is interrupted by 15 extra residues. In each EF-hand, the six 
positions supposed to be occupied by residues capable of coordinating Ca
2+
 are marked 
with X, Y, Z, -X, -Y and -Z. While position -X has no residue preference and residues at 
position -X are labeled in magenta, residues at other 5 positions are most frequently 
Asx (D/N), Ser (S), Thr (T) or Glx (E/Q) and labeled in yellow. Hydrophobic amino 
acids at positions where hydrophobic residues are conservatively found in centrins are 
labeled in blue. Compared with TbCentrin2, TbCentrin4 has a short N-terminal 
extension, which is a distinguishing feature between centrins and calmodulins. 
Sequence alignment was conducted using Clustalw2 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Positions that have identical amino acids 
are marked with stars. Colons indicate conserved physicochemical substitutions and 
periods indicate semi-conserved substitutions.  
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-induced electrophoretic mobility shift for TbCentrin2 and TbCentrin4  
Many Ca
2+
-binding proteins exhibit mobility shift in the presence of Ca
2+ 
when 
resolved by SDS-PAGE. Thus, the Ca
2+
-dependent electrophoretic mobility shift 
assay has become a convenient tool to test a protein’s   ility to bind Ca2+ (Jang et al., 
1998), although the question of how the electrophoretic mobility differs in the 
presence and absence of Ca
2+
 remains unanswered (Gye et al., 2001). We therefore 
tested Ca
2+
 binding of TbCentrin2 and TbCentrin4 using this mobility shift assay. 
GST-tagged centrins were expressed from pGEX-6p-1 constructs (Invitrogen) and 
His-tagged centrins expressed from pET30a+ constructs (Novagen) (He et al., 2005; 
Shi et al. 2008). In SDS-PAGE gel, purified GST-TbCentrin4 pre-incubated with Ca
2+
 
migrated faster than that pre-incubated with EGTA (Figure 3.2). On the other hand, 
little mobility shift was observed for GST-TbCentrin2. To rule out the possibility that 
this is due to the larger molecular weight of TbCentrin2, the mobility shift of 
His-TbCentrin2 was tested. Again, little difference was observed between the 
mobility of His-TbCentrin2 in the presence of Ca
2+










Figure 3.2 Gel mobility shift assay of TbCentrin2 and TbCentrin4 
Purified recombinant GST-tagged TbCentrin2 (GST-TbCen2) and TbCentrin4 
(GST-TbCen4) and His-tagged TbCentrin2 (His-TbCen2) and TbCentrin4 
(His-TbCen4) were incubated with CaCl2 (1mM) or EDTA (1mM) and fractionated by 
12% SDS-PAGE in running buffer lacking EGTA and CaCl2. Gel was then stained with 
Coomassie blue. kD, kiloDaltons.  
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3.2.3 Analysis of structural changes of TbCentrin2 and TbCentrin4 by circular 
dichroism (CD) spectroscopy  
Ca
2+
 binding implies potential roles of centrins as Ca
2+
 sensors, which change their 
conformations upon Ca
2+
 binding. CD spectroscopy is a rapid tool to test the folding 
of proteins (Greenfield, 2006). CD spectroscopy was thus used herein to test 
conformational change of TbCentrin2 and TbCentrin4. Purified TbCentrin2 and 
TbCentrin4 proteins (with GST tags removed by PreScission protease treatment) were 
dissolved in buffer containing 10mM Tris, 50mM NaCl, pH7.4 for CD test. The CD 
spectra were first recorded for the Ca
2+
-free (apo) form of centrins. Ca
2+
 was then 
added to a final concentration of 1mM to obtain the Ca
2+
-bound (holo) form of 
centrins, which were analyzed by a second CD recording (Figure 3.3). The spectra of 
both TbCentrins in the absence or presence of Ca
2+
 showed two minima at 208nm and 
222nm, which w s typic l for   protein with   signific nt α-helical secondary 
structure (Johnson, 1999). For TbCentrin2, the negative absorbance at 208nm and 
222nm increased after addition of Ca
2+
. This can be attributed to Ca
2+
-induced 
reorganization of the deposition of the helices within TbCentrin2 or Ca
2+
-induced 
increase in helical content (Hu et al., 2004). And at the same time, this also proved 
Ca
2+
 binding of TbCentrin2. Unlike TbCentrin2, no observable spectra change of 
TbCentrin4 was found after addition of Ca
2+
. However, this can not rule out 
Ca
2+
-induced conformational changes of TbCentrin4 and may be otherwise due to that 
the sum of the structural elements of TbCentrin4 in the Ca
2+
-bound form remained 
unchanged, as compared to the apo form of TbCentrin4.  
Ca
2+




























Figure 3.3 Circular dichroism spectra of TbCentrin2 (TbCen2) and TbCentrin4 
(TbCen4) in the presence and absence of Ca
2+
 
Note that salt ions affected spectra stability below 200nm. Spectra profiles starting 










Self-assembly test had been performed on SdCentrin, CDC31, Euplotes octocarinatus 
centrin, human centrin1 and human centrin2, and all centrins tested exhibit 
Ca
2+
-dependent self-assembly (Wiech et al., 1996; Zhao et al., 2009). Contrary to 
centrins, calmodulins, which together with centrins are classified into the same 
protein family, calmodulin consisting of proteins containing 4 EF hands, and have a 
high level of structural resemblance to centrins, exist as monomers with and without 
Ca
2+
 (Wiech et al., 1996). Although the structural details of the self-assembly of 
centrins remain unclear, the self-assembly ability is thought to play an important role 
in centrin functions. To test the self-assembly ability of TbCentrin2 and TbCentrin4, 
two new His-TbCentrin constructs were prepared, which were direct fusions of 6×His 
to TbCentrin2 and TbCentrin4 (Figure 3.4 A). Both fusion proteins can be efficiently 
induced by IPTG (Figure 3.4 B) and purified (Figure 3.4 C). The recombinant 
His-TbCentrin2 migrated at ~21kD, close to the estimated molecular weight at 
22.8kD. His-TbCentrin4 migrated at ~14kD slightly faster than the estimated 










Figure 3.4 Purification of TbCentrins directly fused to 6×His  
(A) Schematic representation of recombinant TbCentrins. His-TbCentrin2 
(His-TbCen2) and His-TbCentrin4 (His-TbCen4) were respectively cloned into 
pET11a vector by inserting TbCentrin2 and TbCentrin4 coding sequences in between 
NheI and BamHI sites. The coding sequence for 6×His was included in the forward 
primers specific to TbCentrins, right down stream of the NheI site. (B) IPTG-induced 
expression of two recombinant centrins. (C) SDS-PAGE analyses of purified 
recombinant TbCentrins. kD, kiloDaltons. The two centrins with 6×His immediately in 
front of them in this figure were different from the two His-tagged centrins in Figure 
3.2, where the two centrins expressed from pET30a+ constructs possessed a sequence 
(SSGLVPRGSGMKETAAAKFERQHMDSPDLGTDDDDKAMADIGS) translated 
from vector backbone between 6×His and centrins. Therefore the centrins in this figure 










-dependent self-assembly of TbCentrins (~800 µM dissolved in 100mM 
NaCl, Tris-HCl, pH7.4) was then analyzed by FPLC using high-resolution column 
Superose 12 HR 10/30 (GE Healthcare). In the presence of 1mM EDTA, the peak 
elution volume for His-TbCentrin2 was 12.842ml, which was pretty close to the peak 
volume of 43kD standard (Figure 3.5 A), suggesting that His-TbCentrin2 may exist as 
dimmers. In the presence of 5mM Ca
2+
, the elution peak of His-TbCentrin2 shifted to 
11.656ml. Based on the calibration formula (peak volume = 32.107 – 4.053logMW; 
MW, molecular weight) derived from the standard curve (peak volume versus log 
MW), the MW corresponding to the peak volume of 11.656ml was calculated as 
111kDa, demonstrating that TbCentrin2 was able to form oligomers in the presence of 
Ca
2+
. Unlike TbCentrin2, the peak volume of His-TbCentrin4 remained unshifted in 
the presence of Ca
2+
 or EDTA (Figure 3.5 B). Taken together, under same 
experimental conditions TbCentrin2 exhibited Ca
2+
-induced self-assembly, while 




























































-induced self-assembly of TbCentrin2 and TbCentrin4 
Purified His tagged TbCentrin2 (His-TbCen2, A) or TbCentrin4 (His-TbCen4, B) at the 
concentration of around 800µM was subjected to FPLC in the presence of 1mM EDTA 
or 5mM Ca
2+
. Superose 12 HR 10/30 column was used to generate the FPLC profiles. 
The volume number around the peak of each profile is the peak volume. The peak 
volumes of standards are indicated with red vertical bars. The red number above each 
bar corresponds to the molecular-weight (MW) value of corresponding standard. 
Standards used are: bovine gamma globulin (MW: 158 kD), bovine serum albumin 
(BSA; MW: 67kD) ovalbumin (MW: 43kD), and chymotrypsinogen A (MW: 25 kD) 
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3.2.5 Verification of centrin-centrin interactions by GST pull-down 
In 3.2.4, Ca
2+
 induced TbCentrin2 oligomerization, while TbCentrin4 did not show 
Ca
2+
-induced self-assembly. Understanding the difference between TbCentrin2 and 
TbCentrin4 in self-assembly will lead to the underlying molecular mechanisms 
accounting for their distinct RNAi phenotypes. To investigate the intermolecular 
interactions, GST pull-down in the presence of Ca
2+
 or EGTA was performed. 
 
As shown in Figure 3.6, no interaction was detected between TbCentrin2 and 
TbCentrin4, as GST fused TbCentrin2 (GST-C2) did not pull down His tagged 
TbCentrin4 (His-C4). This is consistent with recent observation in our lab that 
TbCentrin2 and TbCentrin4 bind to the basal bodies and bi-lobed structure in a 
competent way (Wang et al., 2012). TbCentrin4-TbCentrin4 interaction was not 
detected, strongly supporting the lack of TbCentrin4 oligomerization. Due to 
non-specific interaction between GST and TbCentrin2, it remained inconclusive from 
this experiment whether TbCentrin2 forms oligomers.  
Ca
2+




Figure 3.6 Verification of centrin-centrin interactions by GST pull-down assay 
Glutathione-Sepharose beads coated with GST, GST fused TbCentrin2 (GST-C2) or 
GST fused TbCentrin4 (GST-C4) were suspended as 50% slurry in 1×TBS buffer 
(pH7.5). The slurry, 5µl each, was incubated with either purified His-TbCentrin2 
(His-C2, ~0.5µg/µl) or His-TbCentrin4 (His-C4, ~0.5µg/µl) in 40µl of 1×TBS buffer 
(pH7.5) in the presence of 10mM EGTA (-) or 1mM CaCl2 (+) at room temperature 
for 1 hour. After incubation beads were washed 4 times with 1×TBS buffer (pH7.5) 
either with 10mM EGTA or 1mM CaCl2 accordingly. Proteins attached to beads were 
finally eluted off by boiling with 20µl of 3×loading buffer used for SDS-PAGE. 5µl 
of each elution was subsequently subjected to western blot (WB) using antibodies 
against His tag (anti-His) and the rest 15µl of elution was used to confirm the 
presence of GST/GST fusion proteins by Coomassie blue staining. Wells labeled with 
1 and 2 were respectively loaded with His-C2 and His-C4 as positive loading control. 
GST/GST fused proteins were expressed from pGEX-6p-1 constructs. TbCentrin2 and 
TbCentrin4 were cloned into pGEX-6p-1 using BamHI and EcoRI restriction sites. 
His-TbCentrin2 and His-TbCentrin4 were expressed from pET30a+ constructs 
described elsewhere. Procedures of preparing beads coated with GST/GST fusion 












Primary sequence analysis on TbCentrin2 and TbCentrin4 predicted Ca
2+
-binding 
capability of these two TbCentrins, which was further supported by biophysical 
studies on these two centrins in this chapter. Like many other EF-hand containing 
proteins capable of binding Ca
2+
, TbCentrin4 exhibited an obvious mobility shift in 
the SDS-PAGE gel, suggesting Ca
2+
 binding of TbCentrin4. Although a small 
mobility shift was observed for TbCentrin2, the Ca
2+
 binding of TbCentrin2 can also 
be reflected by its secondary structural change (detected by the CD spectroscopy) 
upon addition of Ca
2+
 and its Ca
2+




 to TbCentrin2 and TbCentrin4 implies the possibility of controlling 
the activities of these two TbCentrins by Ca
2+
 signaling. How may the functions of 




-induced contraction of centrin 
associated contractile structures proves the role of centrins in serving as molecular 
switchers, which change their conformations upon Ca
2+
 binding and thereby alternate 
their associated proteins from one activity state to another. An attractive model 
regarding the Ca
2+
-dependent contraction mediated by centrin has been initially 
revealed by the studies on Sfi1p, a centrin-binding protein localized to the half-bridge 
of the spindle pole bodies (SPB) in yeasts (Kilmartin, 2003). Each Sfi1p protein 
contains ~20 copies of conserved centrin-binding repeats, allowing multiple CDC31 to 
bind continuously along the Sfi1p backbone and thereby formation of a filament-like 
structure with CDC31. Ca
2+
-induced centrin conformational change and interaction 
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between adjacent centrins binding to the Sfi1p backbone could thus bend or twist the 
filament and cause contraction (Salisbury, 2004). Although Ca
2+
-dependent structural 
change and contraction are not observed in CDC31-Sfi1p filament in vitro (Li et al., 
2006), studies on the infraciliary lattice (ICL) of Paramecium tetraurelia provide in 
vivo support for contraction mediated by centrins and Sfi1p-like proteins (Gogendeau 
et al., 2007). The ICL of Paramecium is a Ca
2+
-modulated and centrin associated 
cytoskeletal network made of bundles of 4nm filaments subtending the whole cell 
surface (Allen, 1971; Madeddu et al., 1996). It contracts in response to in vivo 
physiological increase of cytosolic free Ca
2+
 concentration and also exhibits 
Ca
2+
-dependent contraction in vitro (Deloubresse et al., 1988; Deloubresse et al., 
1991). Studies by D. Gogendeau (2007) identified a large ICL scaffold protein, 
PtCenBP1p, which consists of 89 centrin-binding repeats with consensus sequence 
similar to that identified in Sfi1p. The complex of PtCenBP1p and 89 bound centrins 
could form a filament of 3-4nm in diameter and ~600 nm in length, corresponding to 
the unit filament size observed in the ICL network. Cells without PtCenBP1p lose 
Ca
2+
-induced contractility. However, details of how Ca
2+
-induced conformational 
change of centrins and intermolecular interactions of centrins contribute to contraction 
of PtCenBP1p remain unclear. Further detailed structural analyses of the 
PtCenBP1p-centrin complexes in the presence and absence of Ca
2+ 
are required in the 
future. 
 
In this thesis, CD spectroscopy detected Ca
2+
-induced conformational change of 
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TbCentrin2, indicating that TbCentrin2 may regulate the activity state of its associated 
protein(s) through Ca
2+
 association/dissociation. For TbCentrin4, its CD spectra 
remained unchanged upon addition of Ca
2+
. However, this does not exclude the 
Ca
2+
-induced conformational change of TbCentrin4 and thereby the role of 
TbCentrin4 as a molecular switcher, since CD can only detect structure change of a 
protein on the secondary structure level (specifically, only when the sum of secondary 
structure elements changes in a protein, will the CD spectra be observed with 
changes). Despite continuous efforts during my PhD studies, TbCentrin2 and 
TbCentrin4 crystals could not be obtained, precluding the possibility of examining 
conformational changes by X-ray crystallography for these two TbCentrins, especially 
for TbCentrin4. In the future, NMR may be the method of choice as it allows 
structural determination of proteins in solution and the molecular weight of the two 




-dependent self-assembly seems to be a particular property of centrins and 
therefore may account for an unclear yet crucial biological function of centrins. In this 
thesis, TbCentrin2 was shown to self-assemble in the presence of Ca
2+
, while 
TbCentrin4 not. Consequently TbCentrin4 may not be involved in the crucial cellular 
process requiring self-assembly of centrins. This may partially illustrate functional 
differences of TbCentrin2 and TbCentrin4 during cell cycle as revealed by RNAi 
studies and thereby indirectly evidence the profound role of Ca
2+
 in regulating 
functions of these two TbCentrins on the basal bodies, the bi-lobed structure or both. 
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Future studies should continue identifying Ca
2+
-sensing EF-hand(s) in each TbCentrin. 
In 3.2.1, the positions predicted to be occupied by Ca
2+
 ligands in each EF-hand of the 
two TbCentrins have been analysed. Mutations should be introduced at these sites. 
Priorities should be given to EF-hand I and IV of the two TbCentrins as they are 
considered to be the functional Ca
2+
 sensing EF-hands based on primary sequence 
analysis (see 3.2.1). To further uncover and integrally establish the physiological 
relevance of the Ca
2+
-binding properties of these two TbCentrins, in addition to 
testing binding threshold of Ca
2+
 to the two TbCentrins, it is important to create an 
ectopic expression system that would allow introduction of various RNAi-resistant 
TbCentrin mutants (deprived of calcium sensing) in cells depleted of endogenous 
centrin to examine rescue phenotypes. In my attempt to ectopically express 
RNAi-resistant TbCentrin2 in TbCentrin2 RNAi cells (Appendix Figure 1), the 
recoded TbCentrin2 (Appendix Figure 2) appeared not completely resistant to RNAi. 
To examine the RNAi resistance of the recoded sequence of TbCentrin2, three 
fragments (1-348 bp, 58-522 bp and 349-591 bp) of the recoded sequence and 
encompassing the full length of the recoded sequence were expressed in TbCentrin2 
RNAi cells. Theoretically, TbCentrin2 RNAi cells expressing these 3 nonfunctional 
fragments will still exhibit growth defect. However, no growth defect was observed. 
The possible reason is that the recoded sequence is not completely resistant to RNAi, 
thus endogenous TbCentrin2 can not be substantially depleted from cells to lead to 
growth defect. Consequently following rescue-experiments by expressing mutants 
deprived of calcium sensing could not be performed. Due to time limit, TbCentrin4 
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RNAi rescue experiment has not yet been tried.
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Chapter 4 Identification of TbCentrin2- and 
TbCentrin4-binding partners 
 
4.1 Introduction  
Protein-protein interactions are intrinsic to virtually every cellular process. Centrins 
play a variety of functions in the cells, and it is demonstrated that centrins execute 
their diverse functions through interactions with their various binding partners, many 
of which have been identified in yeast and mammalian cells. 
 
In yeast, binding of CDC31 to sfi1p was thought to endow the elasticity of the SPB 
half bridge as described in 3.3 and was required for the doubling of SPB half-bridge 
in length to initiate the assembly of new SPB (Kilmartin, 2003; Li et al., 2006). In 
addition, binding of CDC31 to Kar1p and Mps3p both localizing to the SPB half bridge 
and essential for SPB duplication is required for the recruitment of CDC31 to the SPB 
(Jaspersen et al., 2002; Spang et al., 1995). However, Kar1p and Mps3p homologues 
have so far not been reported in other organisms. CDC31 has also been shown to 
interact with Sac3p at the nuclear pore complex and thereby regulates mRNA export 
from the nucleus (Fischer et al., 2004). CDC31 also forms complex with Rad23/Rad4, 
which functions in nucleotide excision repair (NER) of damaged DNA (Chen and 
Madura, 2008). The cytoplasmic CDC31 was found to act through Kic1p (yeast 
specific kinase) to regulate cell integrity and morphogenesis (Sullivan et al., 1998). 
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In human cells, hSfi1, the homologue of Sfi1p, is demonstrated to interact with human 
centrins and is localized to MTOC, centrosome (Kilmartin, 2003). In addition, human 
centrins can also bind to hPOC5, which is a conserved protein, exhibits centriole 
localization in human cells, and is required for centriole elongation and cell cycle 
progression of human cells (Azimzadeh et al., 2009). And the functions of centrins in 
NER and mRNA export seem to be conserved in higher eukaryotes. Human centrin2 
(or caltractin1) interacts with xeroderma pigmentosum group C protein (XPC) and 
participates in nuclear excision repair (Araki et al., 2001; Popescu et al., 2003); human 
centrin 2 also interacts with Nup107-160 complex on nuclear envelope in both Xenopus 
laevis and human cells to regulate mRNA and proteins export (Resendes et al., 2008). 
 
Additionally, in plant the protein TONNEAU1, which shares the same domain 
organizations with two centrosomal proteins (FOP and OFD1) at its N-terminal part 
and is required for normal microtubule organization in plants, was found to interact 
with centrins in plants (Azimzadeh et al., 2008); in protist Paramecium tetraurelia, 
ICL centrins were found to interact with protein PtCenBP1p to mediate contraction of 
ICL as described in 3.3 (Gogendeau et al., 2007). 
 
To identify centrin binding proteins in T. brucei, I used 3 independent approaches: 1) 
yeast two-hybrid screening using TbCentrin4 as bait; 2) homology search for T. brucei 
orthologs of known centrin binding proteins; 3) database screening for T. brucei 
proteins containing centrin-binding motif characterized in Sfi1p (Kilmartin, 2003). 
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Putative candidates were primarily analysed for subcellular localization and cellular 
functions.  




4.2.1 Identification of binding partners of TbCentrins by yeast two-hybrid 
screening 
4.2.1.1 Auto activation test of TbCentrin2 and TbCentrin4 
The bait protein with auto activity, i.e. the activity to initiate transcription of reporter 
genes, cannot be used for yeast two-hybrid screening. I therefore tested the auto 
activity of TbCentrin2 and TbCentrin4 first. The two reporters for yeast two-hybrid 
screening, HIS3 and ADE2, are necessary for biosynthesis of essential nutrients 
histidine (His) and adenine (Ade). The yeast strain AH109 expressing BD-plasmid 
alone could not grow on medium lacking either His or Ade (data not shown), a weak 
auto activity was observed for TbCentrin4 and a strong auto activity was observed for 
TbCentrin2 (Figure 4.1). BD-TbCentrin4 could initiate transcription of HIS3 as 
shown in Figure 4.1 A, but could not initiate transcription of ADE2 as shown in 
Figure 4.1 B. BD-TbCentrin2 could initiate transcriptions of both HIS3 and ADE2 
(Figure 4.1). The BD-TbCentrin4 auto activity, which induced activation of HIS gene, 
could be efficiently inhibited by 2.5mM of 3-Amino-1,2,4-triazole (3-AT), a 
competitive inhibitor of the HIS3 product. On the contrary, the 
BD-TbCentrin2-induced activation of His gene could not be completely inhibited 
even at 15mM 3-AT. BD-TbCentrin4 was therefore used for further screenings and 
selective pressure was achieved through adding 3-AT into but deleting His and Ade 
from the medium. 
  





Figure 4.1 Auto activation test of TbCentrin2 and TbCentrin4 as BD-fusions 
Coding sequences (without start codon) of TbCentrin2 and TbCentrin4 were 
respectively cloned into pGBKT7 vector using restriction enzyme sites BamHI and 
EcoRI. The two constructs were then respectively transformed into yeast cells (strain 
AH109). Yeast strain AH109 expressing BD-TbCentrin2 (BD-TbCen2) or 
BD-TbCentrin4 (BD-TbCen4) were cultivated on histidine- and tryptophan-deficient 
medium (SD/-His/-Trp) supplemented with indicated concentrations of 3-AT (A) or 
medium deficient in histidine, adenine, and tryptophan (SD/-His/-Ade/-Trp) (B). Note 
that BD plasmid contains tryptophan selection marker, yeast cells transformed with 
the BD plasmid could therefore grow in the absence of tryptophan. The diameter of 
the biggest yeast colony in the figures is around 3mm.  
(A) 
(B) 
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4.2.1.2 cDNA library construction 
mRNA was isolated from log-phase, procyclic T. brucei and used for double-stranded 
cDNA synthesis. Upon fractionation by 1% agarose gel, the synthesized cDNAs 
appeared as a smear ranging from 100bp to 3kb, with fragments from 500bp to 
1000bp in size being the most abundant (Figure 4.2 A). The cDNAs were then 
co-transformed with pGADT7-Rec vector (Clontech) into the yeast strain AH109, 
allowing the cDNA fragments to be inserted into the pGADT7-Rec vector 
downstream of the GAL4-AD region by homologous recombination. The 
transformants were selected in leucine deficient (-Leu) medium. A total of ~6.5×10
5
 
colonies were obtained, which provided a 60-fold coverage of the T. brucei coding 
sequences (9068 genes with an average length of ~1500bp/gene) (Berriman et al., 
2005). To control for insertion and transformation efficiencies, 10 colonies were 
randomly selected and subjected to colony PCR using primers designed for 
amplification of cDNA inserts from pGADT7-Rec recombinant constructs. As shown 
in Figure 4.2 B, all 10 colonies contained cDNA inserts of different lengths. 
  





Figure 4.2 Library construction for yeast two-hybrid screening  
Synthesized cDNAs were verified by gel electrophoresis in 1% agarose gel (A). 10 
randomly selected library-colonies were checked by colony PCR. All colonies 
contained at least one cDNA insert (B). bp, base pairs; kb, kilobase pairs.   
(B) (A) 
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4.2.1.3 Yeast two-hybrid screening results using TbCentrin4 as bait protein 
Mating was performed at 30°C for 24 hours between yeast strain Y187 that harbored 
the TbCentrin4 bait construct and yeast strain AH109 that contained the cDNA library. 
Diploids with interactions between bait and prey proteins were selected with medium 
SD/-His/-Ade/-Trp/-Leu in the presence of 3.75 mM 3-AT (to inhibit BD-TbCentrin4 
auto activity, see 4.2.1.1). Mating between Y187 cells harboring TbCentrin4 and 
AH109 cells transformed with empty AD vector was used as negative control. As 
expected, no colonies appeared in the control experiment (Figure 4.3 A), while ~400 
colonies were obtained using TbCentrin4 as bait to screen the cDNA library (Figure 
4.3). The cDNA inserts were then recovered from the colonies by PCR and sequenced 
using T7 primer. 325 PCR fragments were successfully sequenced and most of them 
encoded ribosomal proteins, which are frequently observed in yeast two-hybrid 
screenings and thought to be false positives (Hengen, 1997). Few clones with 
genomic DNA contaminants or coding frame shift were also observed (Figure 4.3 B). 
The remaining 75 PCR fragments represent 34 different proteins (Table 4.1). These 34 
proteins were then classified according to their cellular distributions and functional 
annotations (Table 4.1). 20 proteins were hypothetical proteins of unknown cellular 
localizations and functions; 4 were cytoplasm proteins; 2 were flagellum proteins; 1 
was a nuclear protein; 1 was a plasma membrane protein; 1 was a glycosomal protein; 
and 5 were mitochondrial proteins. The nuclear, plasma membrane, flagellar, 
mitochondrial and glycosomal proteins were not further pursued due to the lack of 
obvious TbCentrin4 localization to these organelles (Selvapandiyan et al., 2007; Shi 
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et al., 2008). 3 of the 4 cytoplasm proteins are of particular interest: two proteins, 
synaptotagmin and beta-adaptin, are involved in vesicular transport in eukaryotic 
organisms (Bonifacino and Boehm, 2001; Sudhof, 2002); and SUMO1/Ulp2 is a 
deconjugating peptidase, which was initially found in the yeast SUMO pathway and is 
required for the regulation of various cellular processes including cell cycle 
(Hochstrasser and Li, 2000). Synaptotagmin and beta-adaptin were regarded as 
candidates that may interact with centrins on the bi-lobed structure, given that the 
bi-lobed structure where TbCentrin2 and TbCentrin4 localize to is in close proximity 
with Golgi apparatus (the central organelle on the vesicular transport pathway). Due 
to the recent report of SUMO-dependent regulation of centrin activity (Klein and 
Nigg, 2009), SUMO1/Ulp2 may really interact with centrins in T. brucei and 
interaction may happen on the basal bodies or bi-lobed structure. Thus the 
above-mentioned 3 proteins were analysed for subcellular localization.  




Figure 4.3 Yeast two-hybrid screening to identify binding partners of TbCentrin4  
(A) After mating treatment, cells were evenly spread onto SD/-His/-Ade/-Trp/-Leu 
medium, which was deficient in nutrients Histidine (His), Adenine (Ade), Tryptophan 
(Trp), and Leucine (Leu) and was supplemented with 3.75mM 3-AT. Left panel shows 
that yeast diploids with interactions between bait, which was fused to BD 
(BD-TbCentrin4), and unknown prey respectively grown into a single colony on the 
plate, while no colonies was obtained in control experiment (mating between Y187 
harboring TbCentrin4 and AH109 transformed with empty AD vector). 6 days after 
spreading, picture was taken. The diameters of yeast colonies in the left panel are 
around 2mm. (B) More than 400 positive colonies were picked out and prey-coding 
cDNAs cont ined in these colonies were recovered using primers: 5’ PCR primer 
(Clontech)  nd 3’ PCR primer (Clontech). Recovered cDNAs were sequenced using T7 
sequencing primer (Clontech or 1st Base). Among the cDNAs from the ~400 colonies, 
cDNAs from 325 colonies were successfully sequenced (blue). cDNAs of rest colonies 
were unsuccessfully sequenced (red). Most of the successfully sequenced cDNAs 
encode ribosomal proteins. Few clones with genomic DNA contaminants or coding 
frame shift were also observed.  




Table 4.1 List of non-redundant proteins identified by yeast two-hybrid screening 
Proteins highlighted with light purple color were further analysed for cellular 
localization.  
Classification Gene ID Annotation 
Hypothetical proteins of 
unknown cellular 
localization and function 
Tb927.3.2800 hypothetical protein 
Tb927.1.1250 hypothetical protein 
Tb10.70.3270 hypothetical protein 
Tb11.03.0475 hypothetical protein 
Tb927.8.3170 hypothetical protein 
Tb11.02.3290 hypothetical protein 
Tb11.02.3330 hypothetical protein 
Tb09.160.3020 hypothetical protein 
Tb927.6.3930 hypothetical protein 
 
protein,containiTetratricopeptide-like helical 
Tb09.244.2150 hypothetical protein 
Tb927.7.4630 hypothetical protein 
Tb11.01.0950 hypothetical protein 
Tb09.160.1100 hypothetical protein 
Tb10.6k15.3740 hypothetical protein 
Tb927.4.640 hypothetical protein 
Tb11.57.0005 hypothetical protein 
Tb927.7.6420 hypothetical protein 
Tb09.142.0380 hypothetical protein 
Tb11.02.3370 hypothetical protein 





Tb10.61.3180  putative synaptotagmin 
Tb10.6k15.2500 putative beta-adaptin 
Others 
Tb09.160.0970 putative SUMO1/Ulp2 
Tb927.4.1820 
putative selenocystenie-tRNA- 
specific elongation factor 
Flagellum proteins 
Tb927.4.5370 dynein light chain 2B 
Tb11.01.0390 dynein heavy chain 
Nuclear protein Tb927.4.200 putative retrotransposon hot spot (RHS) protein 
Plasma membrane protein Tb927.5.360 75 kDa invariant surface glycoprotein 
Glycosomal protein Tb927.8.3530 glycerol-3-phosphate dehydrogenase 
Mitochondrial proteins 
Tb10.70.0800 
putative universal minicircle sequence binding 
protein 
Tb927.6.4990 putative epsilon chain of ATP synthase 
Tb10.70.2920 putative prohibitin 
Tb09.160.2970 mitochondrial RNA editing ligase 1 
Tb10.70.5110 mitochondrial malate dehydrogenase 
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4.2.1.4 Cellular distribution patterns of SUMO1/Ulp2, beta-adaptin, and 
synaptotagmin 
SUMO1/Ulp2, beta-adaptin, and synaptotagmin were fused to the yellow fluorescent 
protein (YFP) reporter and transiently expressed in T. brucei. As shown in Figure 4.4, 
SUMO1/Ulp2 was found all over the cytoplasm; beta-adaptin was probably localized 
to Golgi apparatus that also lies between the kinetoplast and nucleus; synaptotagmin 
exhibited prominent localization along the flagellum, indicating a 
flagellum-localization or FAZ-localization. If synaptotagmin localizes to FAZ, it will 
be great interest, since the posterior end of FAZ had been shown to overlap with the 
bi-lobed structure marked by TbCentrins (Shi et al., 2008). Cellular localization of 
synaptotagmin therefore was further investigated.  




Figure 4.4 Cellular distribution patterns of SUMO1/Ulp2, beta-adaptin, and 
synaptotagmin  
Cellular localization of SUMO1/Ulp2, beta-adaptin, and synaptotagmin was 
investigated by tagging the three proteins with YFP. Plasmid pXS2-YFP was used to 
generate YFP tagged fusion proteins. Coding sequence of SUMO1/Ulp2 was cloned 
into pXS2-YFP using BamHI RE site; of beta-adaptin using HindIII and NheI; and of 
synaptotagmin using NheI. Cells overexpressing YFP tagged SUMO1/Ulp2, 
beta-adaptin, and synaptotagmin were labeled with DAPI (blue). Big blue dot, nucleus; 
small blue dot, kinetoplast; scale bar: 5µm. 
  
Identification of TbCentrin2- and TbCentrin4-binding partners 
74 
 
4.2.1.5 Synaptotagmin localized to FAZ-ER 
To distinguish the flagellum and FAZ localization, cells stably expressing 
synaptotagmin-YFP were fixed with methanol and stained with anti-PAR antibody 
that marks the flagellum (Ismach et al., 1989) or antibody L3B2 that marks the FAZ 
filament (Kohl et al., 1999). Synaptotagmin-YFP staining along the flagellum 
appeared shorter than the flagellum staining itself (Figure 4.5 A) but colocalized with 
the FAZ at different stages of the cell cycle (Figure 4.5 B). It is therefore most likely 
that along the flagellum synaptotagmin is targeted to FAZ and the membrane 
component of the FAZ in particular, given that a transmembrane region is predicted to 
be present at the N terminus of synaptotagmin. Immuno cryoEM was therefore used 
next to examine synaptotagmin localization at ultrastructural level. As shown in 
Figure 4.6, synaptotagmin-YFP was found to be associated with intracellular 
membrane structures including: perinuclear membrane that was supposed to be the 
perinuclear ER and membrane structures that were aligned along the flagellum at the 
cytoplasmic side and were supposed to be the FAZ associated ER. Taken together, 
immuno-fluorescence and immuno-EM experiments demonstrated that in the FAZ 
region synaptotagmin was targeted to the FAZ associated ER.  






















Figure 4.5 Localization of synaptotagmin to the FAZ  
Cells stably expressing synaptotagmin-YFP (Syt-YFP) were stained with DAPI for 
DNA and antibody anti-PAR (α-PAR) recognizing flagellum component (A) or 
antibody (L3B2) recognizing FAZ component (B). Images were acquired by confocal 
microscope LSM510 Meta. Scale bar: 5µm. Representative images of cells in 








Figure 4.6 Investigation of ultrastructural localization of synaptotagmin by 
immuno cryoEM  
Synaptotagmin-YFP molecules were labeled with 18nm colloidal gold particles 
conjugated to secondary antibodies. Particles associate with perinuclear membrane 
(low density) and intracellular membrane structures (low density; indicated with light 
green line) along the flagellum. The nucleus is outlined with light blue color. Scale bar, 
500nm. 
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4.2.1.6 Colocalization between synaptotagmin and TbCentrin4 
Being shown to be localized to FAZ whose posterior end overlaps with bi-lobed 
structure, it is likely that synaptotagmin interacts with TbCentrin4 on the bi-lobed 
structure. The colocalization between synaptotagmin and TbCentrin4 was next 
examined. Fixed T. brucei cells stably expressing synaptotagmin-YFP were stained 
with a polyclonal anti-TbCentrin4 antibody (Shi et al., 2008). As shown in Figure 4.7, 
in addition to the basal bodies (arrowhead), TbCentrin4 also labeled the bi-lobed 
structure (arrow) overlapping with the posterior tip of synaptotagmin-labeled FAZ.  




Figure 4.7 Overlap between synaptotagmin-YFP and TbCentrin4 (TbCen4) on 
the bi-lobed structure  
Cell stably expressing synaptotagmin-YFP (Syt-YFP) was stained with DAPI (blue) 
and antibody against TbCentrin4 (TbCen4; red). Images were acquired by confocal 
microscope LSM510 Meta. Arrowhead: basal bodies; arrow: bi-lobed structure; scale 
bar: 5µm.  
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4.2.1.7 In vitro and in vivo GST pull-down assay to test interaction between 
synaptotagmin and TbCentrins 
To verify the interaction between synaptotagmin with TbCentrin4, GST pull-down 
assays were performed both in vitro and in vivo. TbCentrin2, which shows sequence 
similarity and similar cellular localizations as TbCentrin4, may also interact with 
synaptotagmin. But this remained to be confirmed as the current assay using 
GST-tagged synaptotagmin interacted nonspecifically with TbCentrin2. As shown in  
Figure 4.8, His-tagged TbCentrin4 (His-TbCen4) was pulled down by GST tagged 
synaptotagmin (Syt) in vitro, while TbCentrin2 interacted non-specifically with the 
GST tag, consistent with previously observed. 
 
In vivo GST pull-down experiment was also conducted (Figure 4.9). Although GST 
fused synaptotagmin was demonstrated to pull down TbCentrin4, weak, nonspecific 
interaction between GST and TbCentrin4 was observed, making the in vivo binding 
study inconclusive (Figure 4.9). 




Figure 4.8 In vitro GST pull-down assay to test the interaction between 
TbCentrins and synaptotagmin 
cDNA of synaptotagmin was digested with EcoRI and XhoI and subsequently cloned 
into EcoRI/XhoI-digested pGEX-6p-1 plasmid. The GST fusion protein expressed was 
immobilized onto glutathione sepharose beads and was then used to pull down either 
His tagged TbCentrin4 (His-TbCen4) or His tagged TbCentrin2 (His-TbCen2) released 
from E. coli after sonication. GST alone was included as a negative control. The 
T Centrins’ pET30 + constructs descri ed in 3.2.2 were used for producing His tagged 
TbCentrins in E. coli. The upper panel of the figure shows that GST fused 
synaptotagmin (GST-Syt) pulled down TbCentrin4, while GST alone did not; and that 
GST bound TbCentrin2 nonspecifically. GST fused synaptotagmin and GST 
immobilized onto beads were examined using antibody against GST (lower panel). IB, 
immunoblot.  




Figure 4.9 In vivo GST pull-down assay to test the interaction between 
synaptotagmin and TbCentrin4 
T. brucei cells stably overexpressing GST tagged synaptotagmin (Syt-GST) were used 
for in vivo GST pull-down assay. Although Syt-GST was demonstrated to pull down 
TbCentrin4 (TbCen4), weak, nonspecific interaction between GST and TbCen4 was 
also observed.  
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4.2.2 Search for TbCentrin-binding proteins by homology screening 
While searching for TbCentrin4-binding proteins by the unbiased yeast two-hybrid 
screening, I also tried to identify centrin-binding proteins using a homology-based 
screening strategy i.e. identifying T. brucei homologues of centrin-binding proteins 
previously identified in other organisms through BLASP search or key word search 
against T. brucei genome database in TriTrypDB (Table 4.2). 
 
As introduced in 4.1 and shown in Table 4.2, identified centrin binding proteins are 
Kar1p, Kic1p, Mps3p, Sac3p and Sfi1p in yeast; XPC, hSfi1 and hPOC5 in human; 
PtCenBP1p in Paramecium tetraurelia; and TONNEAU1 in plant. Kar1p, Kic1p and 
Mps3 are yeast specific proteins. Two homologues of Sfi1p/hSfi1 have been 
identified and were demonstrated to be localized to basal bodies by our labmate. They 
are encoded by gene Tb09.211.2680 and Tb927.4.2900 and here were together named 
as TbSfi1s. Tb09.211.0710 encodes a protein containing Sac3 family domain, and in 
database TriTrypDB it is annotated to be involved in nuclear export. Tb09.211.3040 
encodes the homologue to XPC and was named as TbXPC, which is supposed to 
function in nucleus for nuclear excision repair (Popescu et al., 2003). Due to no 
nucleus localization has been observed for TbCentrins, proteins encoded by 
Tb09.211.0710 and TbXPC were not pursued in this thesis. PtCenBP1p mainly 
consists of centrin binding repeats which are quite heterogeneous in sequence and 
homology search is unsuccessful. Tb927.10.7600 and Tb11.02.0590 respectively 
encodes a homologue to hPOC5 and a TONNEAU1 like protein and were named as 
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TbPOC5 and TbFOP. In this thesis the localization of TbPOC5 and TbFOP was 
investigated. To test their localizations in T. brucei, they were fused to BB2, a 9 
amino-acid viral tag, and transiently expressed in procyclic cells. As shown in Figure 
4.10, TbPOC5 was localized to the basal bodies (arrowheads), but not the bi-lobed 
structure (arrows). And in Figure 4.11, in addition to cytoplasmic staining, TbFOP 
was localized to the basal bodies (arrowheads) but also not the bi-lobed structure.  







Homologue(s) in T. 
brucei (Name) 
Search strategy 
Kar1p NP_014211.1 (Yeast) / / 
Kic1p NP_011970.1 (Yeast) / / 
Mps3p NP_012515.2 (Yeast) / / 



























Table 4.2 T. brucei homologues of centrin binding proteins identified in other 
organisms 
BLASP search or key word search against T. brucei gene database in TriTrypDB was 
used to identify T. brucei homologues of centrin binding proteins identified in other 
organisms. T. brucei homologues whose cellular localizations have been examined in 
this thesis were highlighted with light purple color. T. brucei homologues that have 
been checked by labmate were labeled with symbol *. 
  




Figure 4.10 Cellular localization of TbPOC5 
Cells transiently overexpressing TbPOC5 tagged with BB2 were stained with DAPI, 
antibody against BB2 and antibody against TbCentrin4 (TbCen4). Arrowheads indicate 
basal bodies; arrows indicate bi-lobed structure. Scale bar, 5µm. 
  




Figure 4.11 Cellular localization of TbFOP  
Cells transiently overexpressing TbFOP tagged with BB2 were stained with DAPI, 
antibody against BB2 and antibody against TbCentrin4 (TbCen4). Arrowheads indicate 
basal bodies; arrows indicate bi-lobed structure. Scale bar, 5µm.  
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4.2.3 Searching proteins containing the motif 
[F/W/L]X2W[K/R/H]X21-34[F/W/L]X2W[K/R/H] in T. brucei 
Studies on Sfi1p and hSfi1 revealed that they bind centrins through their internal 
centrin binding repeats, which are 23 amino acids in length and distanced to each 
other by 3 to 16 amino acids. Within these repeats, position 19 is commonly occupied 
by Phenylanine (F), Tryptophan (W) or Leucine (L); position 22 by W; and position 
23 by Lysine (K), Arginine (R) or Histidine (H) (Kilmartin, 2003). And studies by 
Azimzadeh, J. (2009) suggested that centrins are more prone to bind tandem repeats. 
Therefore, program, Protein Motif Pattern, of website TriTrypDB 
(http://tritrypdb.org/tritrypdb/) was used to search proteins containing sequence with 
pattern [F/W/L]X2W[K/R/H]X21-34[F/W/L]X2W[K/R/H], among which may exist 
centrin binding proteins. X represents any amino acid; number represents how many 
times of the amino acid before it consecutively appears; [F/W/L] means F, W or L; 
deduce [K/R/H] by analogy. 14 proteins were obtained and listed in Table 4.3. 
TbSfi1s, Tb09.211.2680 and Tb927.4.2900, were hit by this search, which have been 
localized to basal bodies. Tb927.3.2480 is a membrane protein containing 4 
transmembrane domains and is most likely not a basal body/bi-lobed protein. 
Tb927.3.1090 encodes a small nuclear RNA (snRNA) and is likely not transcribed.  
 
The localizations for the rest of 10 other proteins remain to be examined. Three 
proteins Tb11.01.1970, Tb927.10.8730 and Tb927.10.8610 with length below 1000 
amino acids were checked by tagging them with BB2 using pXS2 vector. No basal 
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body or bi-lobed structure localization was observed for these 3 proteins (Figure 4.12). 
Localization of Tb927.8.8010 and Tb927.7.4600 (705 and 943 amino acids in length, 
respectively) was also tried to be examined by tagging them with BB2 using pXS2 
vector, however pXS2 construct can not be obtained for these two proteins. The 
localizations of these two proteins and other 5 proteins of more than 1000 amino acids 
in length were then verified by tagging them with BB2 using homologous 
recombination method (this method is amendable for protein with big size; target 
protein will be expressed at endogenous level by using this method). However, 
strategy of tagging of BB2 by homologous recombination did not work. There was no 
staining difference between wild type cell lines and transgenic cell lines, possibly due 
to low expression of level of these proteins and/or strong background staining of BB2 
antibody. In case that the strong background staining of BB2 antibody interferes 
localization verification, other tag instead of BB2 tag may be utilized in the future to 
verify the localizations of the rest 7 proteins by using the homologous-recombination 
method.























Table 4.3 List of proteins containing motif: [F/W/L]X2W[K/R/H]X21-34[F/W/L]X2W[K/R/H] 
Proteins containing motif [F/W/L]X2W[K/R/H]X21-34[F/W/L]X2W[K/R/H] and their relevant information were listed in the table. 
Proteins whose localizations have been checked in this thesis were highlighted by light purple color. Proteins that have been checked by 
labmate were labeled with symbol *. aa, amino acid; #, number; TM, trans membrane.
Gene Product description 
Protein 
length 






Tb11.01.1970 hypothetical protein 960aa 0 (326aa-364aa) 1 
Tb11.02.4760 hypothetical protein 1665aa 0 (472aa-513aa) 1 
Tb927.10.8730 hypothetical protein 442aa 0 (286aa-325aa) 1 
Tb927.10.8610 hypothetical protein 885aa 0 (413aa-450aa) 1 




Tb09.160.4550 hypothetical protein 1145aa 0 (770aa-812aa) 1 




Tb927.7.5610 hypothetical protein 1090aa 0 (663aa-703aa) 1 
Tb927.7.4600 hypothetical protein 943aa 0 (203aa-244aa) 1 
Tb927.4.2900* hypothetical protein 971aa 0 




Tb927.4.620 hypothetical protein 2503aa 0 (1345aa-1381aa) 1 
Tb927.3.4510 hypothetical protein 1331aa 0 (109aa-147aa) 1 
Tb927.3.2480 hypothetical protein 252aa 4 (153aa-191aa) 1 
Tb927.3.1090 small nuclear RNA (snRNA) 212aa 0 (161aa-200aa) 1 

































Figure 4.12 Cellular distribution patterns of Tb927.10.8610, Tb927.10.8730 and 
Tb11.01.1970 
Cellular localizations of Tb927.10.8610, Tb927.10.8730 and Tb11.01.1970 were 
investigated by tagging the three proteins with BB2. Plasmid pXS2-BB2 or BB2-pXS2 
was used to generate BB2 tagged fusion proteins. Coding sequences of Tb927.10.8610 
and Tb927.10.8730 were cloned into pXS2-BB2 using HindIII and NheI RE sites. 
Coding sequence of Tb11.01.1970 was cloned into BB2-pXS2 using BamHI and EcoRI 
RE sites. Cells overexpressing BB2 tagged Tb927.10.8610, Tb927.10.8730 and 
Tb11.01.1970 were stained with DAPI (blue) and anti-BB2 antibody. Big blue dot, 
nucleus; small blue dot, kinetoplast; scale bar: 5µm.  




Centrins execute their cellular functions through interaction with their binding 
partners. To understand the molecular mechanisms of TbCentrin2 and TbCentrin4 in 
T. brucei, efforts were made to search for binding partners of these two TbCentrins on 
the basal bodies and bi-lobed structure, given that these two sites are the observed 
cellular localizations of the two TbCentrins. Three strategies, including yeast 
two-hybrid screening, homology search for T brucei homologues of known centrin 
binding proteins identified in other organisms, and data base search for proteins 
containing centrin binding motif characterized in yeast Sfi1p, were used. 
 
4.3.1 Candidates identified by yeast two-hybrid screening 
TbCentrin2 exhibits strong auto activity and was therefore not used for yeast 
two-hybrid screening. Only TbCentrin4 was used as bait for binding-partner(s) 
identification by yeast two-hybrid screening. Among the identified candidates, three 
proteins were of most interest. One is SUMO1/Ulp2. In yeast, the deconjugating 
peptidase, SUMO1/Ulp2, of SUMO pathway is required for the regulation of various 
cellular processes including cell cycle. And recently there is a report about the 
SUMO-dependent regulation of centrin activity (Klein and Nigg, 2009). Therefore in 
T. brucei, SUMO/Ulp2 may possibly be involved in regulation of centrins activity on 
the basal bodies and/or bi-lobed structure. However, no basal bodies or bi-lobed 
structure localization was observed for SUMO/Ulp2. It is distributed throughout the 
cytoplasm and was not further pursued. The other two, beta-adaptin and 
Identification of TbCentrin2- and TbCentrin4-binding partners 
92 
 
synaptotagmin, are vesicular transport proteins. Since the bi-lobed structure is in close 
proximity with Golgi apparatus, the heart of vesicular transport, the two vesicular 
transport proteins were regarded as candidates of TbCentrin binding partners on the 
bi-lobed structure, where TbCentrin may be involved in vesicular transport. 
Subsequently, the cellular localizations of these two vesicular transport proteins were 
investigated. Beta-adaptin exhibited Golgi-like localization rather than bi-lobed 
structure localization and was not further pursued. Synaptotagmin exhibited FAZ-ER 
localization. Since the posterior end of FAZ overlaps with bi-lobed structure, it is 
possible that synaptotagmin interacts with TbCentrin4 on the bi-lobed structure. 
However, no further persuasive evidence was obtained to convince interaction 
between synaptotagmin and TbCentrin4. No obvious colocalization between 
synaptotagmin and TbCentrin4 was observed; in vitro and in vivo GST pull-down 
experiments did not produce conclusive results demonstrating interaction between 
synaptotagmin and TbCentin4 and TbCentrin2 (given that TbCentrin2 shows 
sequence similarity and similar cellular localization as TbCentrin4). 
 
RNAi experiments have also been conducted for synaptotagmin to see whether 
depletion of synaptotagmin can generate phenotype with similarity to the phenotype 
caused by TbCentrin4 or TbCentrin2 depletion. Synaptotagmin coding sequence from 
nucleotide 957 to 1507 was cloned into pZJM vector and transfected into 29.13 T. 
brucei cells to generate inducible synaptotagmin-RNAi cell line. Drug blasticidin was 
used to select the cells transfected with pZJM construct, because pZJM plasmid 
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contains blasticidin resistant gene. However, drug selected cell lines did not exhibit 
growth defect in the presence of tetracycline (growth curve is not shown). It is 
possible that synaptotagmin is not essential for cell survival under cultivation 
condition. Due to the lack of synaptotagmin antibody, RNAi efficiency can not be 
determined at the protein level. However, whether the selected cell lines were really 
transfected with pZJM construct was not checked. In the future, when repeating 
synaptotagmin-RNAi experiment, if still no growth defect is observed, it is essential 
to make sure that the cell lines picked out are really transfected with pZJM construct. 
 
4.3.2 Candidates identified by the rest two strategies 
Among the identified T. brucei homologues of known centrin binding proteins 
identified in other organisms, TbSfi1s, TbPOC5 and TbFOP are the proteins most 
likely to interact with TbCentrins. TbSfi1s have been shown localized to basal bodies 
by our labmate. In this thesis, both TbPOC5 and TbFOP were found to exhibit basal 
body localization and no bi-lobed structure staining was observed for these two 
proteins. In the future bindings of TbCentrins to these basal body proteins, cellular 
functions of these basal body proteins and whether Ca
2+
 affects the interplay between 
TbCentrins and these two basal body proteins need to be examined. With regards to 
the 14 proteins containing motif [F/W/L]X2W[K/R/H]X21-34[F/W/L]X2W[K/R/H], 
one is a protein with 4 predicted transmembrane domains and may not localize to 
basal bodies and bi-lobed structure and one is likely not transcribed; two are TbSfi1s 
and known to be localized to basal bodies; 3 with relative small sizes have been 
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examined for localization and none of them was localized to basal bodies or bi-lobed 
structure. The localizations of the rest 7 proteins remain to be determined in the 
future.  
 
4.3.3 Continuing on binding-partners identification of TbCentrins 
Overall, concerning that binding partner(s) of TbCentrins on the bi-lobed structure 
has/have not been defined yet and novel basal body binding partner(s) of centrins may 
await to be identified, identification of centrin binding partners (the bi-lobed partner 
and might novel basal body partner) therefore needs to be continued. Among the 
hypothetical proteins identified by yeast two-hybrid screening in this thesis, may exist 
binding partner(s) of centrins on the basal bodies, bi-lobed structure, or both. 
Verification of cellular locations of these hypothetical proteins is awaiting completion. 
And another round of yeast two-hybrid screening or co-immunoprecipitation may be 
carried out for identification of binding partner(s) of TbCentrins. For the yeast 
two-hybrid screening in the future, artificially including a positive control using one 
of known centrin binding proteins (e.g. TbSfi1s, TbPOC5, TbFOP and centrin binding 
proteins described in 4.1) after confirming their bindings to TbCentrins will enhance 
the robustness of the screening system; the C terminal domains of the two TbCentrins 
may be used as bait to screen the prey, because the C terminal domain alone of each 
TbCentrins is able to be targeted to basal bodies and bi-lobed structure (demonstrated 
by our labmate) and may not exhibit auto activity.
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Chapter 5 Conclusion and future directions 
 
The simple anatomy of T. brucei makes it ideal for studying the fundamental 
questions on organelles biogenesis and separation during cell cycle. In T. brucei, in 
addition to being localized to basal bodies, TbCentrin2 and TbCentrin4 mark a 
previously unknown structure, bi-lobed structure, which is in close proximity with 
Golgi apparatus. RNAi experiments revealed that both TbCentrins are essential for 
proper cell cycle progression. Depletion of TbCentrin2 inhibited duplication of basal 
bodies, flagellum, kinetoplast, and Golgi, and subsequent cell division. Depletion of 
TbCentrin4 has no obvious effect on organelles duplication, but the coordination 
between nucleus division and cell division seems to be disturbed. In this thesis, I tried 
to further understand how these two TbCentrins function in T. brucei at the molecular 
level by examining their biophysical properties and their interacting partners. 
 
My results suggested Ca
2+
 signaling may regulate the activities of TbCentrin2 and 
TbCentrin4 during cell cycle and a distinct difference between TbCentrin2 and 
TbCentrin4 in their ability of self-assembly in the presence of Ca
2+
. How this 
self-assembly difference may explain their functional difference during cell cycle 
remains to be answered. Future work shall focus on understanding how Ca
2+
 may 
regulate centrin function in T. brucei. Functional analyses of RNAi-resistant 
TbCentrin mutants deprived of calcium sensing in cells depleted of endogenous 
centrin may provide useful information. 
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Despite rigorous search using multiple different approaches, the search for centrin 
binding proteins yielded limited information. T. brucei homologues of Sfi1p (data not 
shown), hPOC5 and FOP, which are centrin-binding proteins initially characterized in 
higher eukaryotes, were localized to the basal bodies. However their bindings to 
TbCentrin2 or 4 need further investigation. Respective depletion of the two TbSfi1 
proteins had no detectable effect on cell survival or TbCentrin2/4 association with 
basal bodies (data not shown). However it is unknown whether these two TbSfi1 
proteins function redundantly. And the effects of TbPOC5 and TbFOP remain to be 
characterized. No bi-lobe binding partner(s) was found in my study. While it is 
possible that bi-lobe binding protein(s) is or are difficult to identify due to abundance, 
it is important to continue search using other methods (e.g. the highly efficient affinity 
purification method, tandem affinity purification TAP); it is also important to examine 
possible centrin functions on the basal bodies. 
 
Recent work by others in our lab showed an intimate link between the basal bodies 
and the bi-lobed structure, initially thought as separate structures. Many proteins 
found on the bi-lobed structure, are also present on the basal bodies, suggesting a 
functional link between them. Future studies on the basal body may therefore provide 
insight to how the novel structure, bi-lobed structure, functions inside the cell. 
 
In summary, the molecular roles of TbCentrin2 and TbCentrin4 are complex inside T. 
brucei cell. First these two proteins execute their cellular functions at more than one 
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location, the basal bodies and bi-lobed structure and perhaps others. Second, each 
TbCentrin may have multiple binding partners. Their binding partner(s) on the 
bi-lobed structure may be different to their binding partner(s) on the basal bodies. 
Four putative basal body binding partners, TbSif1s, TbPOC5 and TbFOP, of 
TbCentrins have been identified. Third, centrins can be regulated by various 
mechanisms. In addition to Ca
2+
, phosphorylation and sumoylation have both been 
shown to play a role in regulating centrin stability and localization (Klein and Nigg, 
2009; Lutz et al., 2001; Meyn et al., 2006). The functional role of oligomerization of 
some centrins is yet to be understood. Furthermore, interplay between different 
centrins in one organism may add further complexity, particularly in organisms 
containing multiple centrins (Gogendeau et al., 2008; Wang et al., 2012). The studies 
conducted in this thesis provided useful reagents for further investigation of centrin 
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Appendix: Data of TbCentrin2-RNAi rescue experiment 
 
 
Appendix Figure 1 TbCentrin2-RNAi cell line 
The same pZJM construct as was used for TbCentrin2 RNAi in paper: Golgi 
Duplication in Trypanosoma brucei Requires Centrin2 by He et al. (2005) was used to 
generate inducible TbCentrin2-RNAi cell line. RNAi was induced with tetracycline. (A) 
Generated cell line exhibited growth defect after 72 hours induction with tetracycline 
(Tet+). Cell growth in the absence of tetracycline (Tet-) was used as control. (B) RNAi 
of TbCentrin2 (TbCen2) was confirmed on the protein level by western blot. 










Appendix Figure 2 TbCentrin2 recoding sequence for RNAi rescue experiment 
(A) TbCen2-RNAiR is the DNA sequence that codes TbCentrin2 but is different from 
native TbCentrin2 coding sequence. Red color denotes nucleotide base change in 
comparison with native coding sequence. (B) The artificially designed sequence 
(TbCen2-RNAiR) shown in (A) can be expressed in T. brucei properly. The protein 
product of this sequence in fusion with YFP was targeted to basal bodies (arrow head) 
and bi-lobed structure (arrow) labeled with TbCentrin4 (TbCen4) antibody. Scale bar, 
5µm. 
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